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Abstract
This thesis evaluates the technique of Spatial Heterodyne Spectroscopy (SHS) as a method
for capturing Raman spectra of the geochemistry on the Martian surface.
Raman spectroscopy is a technique that has been proposed as a chemical analysis technique
for planetary surface exploration.  The primary advantages of the technique are: no sample
preparation required, rapid analysis (seconds), sensitivity to minerals and organic
compounds, and no consumables are required (unlimited analysis).  These advantages greatly
expand the capability to perform chemical analysis over heritage techniques.
This thesis contributes to the state-of-the-art in instrument design by developing a novel,
compact, and robust spatial heterodyne Raman spectrometer.  This instrument is suitable for
contact analysis in planetary exploration with high performance to provide observations of
high scientific value, defined as 4cm-1 resolution across a bandwidth of 100-3600Δcm-1.
SHS is an interference-based spectroscopic technique that requires no moving parts. The
design is based on a Michelson interferometer where the mirrors are replaced with fixed
diffraction gratings and the detector is a CCD-like array.  The SHS instrument generates
Fizeau fringes at the detector and these fringes are Fourier transformed to recover the
spectrum. This maintains the throughput advantages of the Michelson design but eliminates
the complexities of a moving mirror.  The SHS technique also has the advantage of extremely
compact fabrication and relaxed alignment tolerances.
A novel design for a Raman spectrometer is presented by implementing SHS as the
spectroscopic element.  A Spatial HEterodyne RAman instrument (SHERA) was designed,
built, and used to capture Raman spectra from mineral samples. When compared to a
dispersive Czerny-Turner spectrograph, the SHERA design showed a 62x improvement in
throughput and a 25% reduction in volume. The conclusion is that a spatial heterodyne
Raman spectrometer provides the unique advantages of high throughput, compact structure,
efficient fiber coupling and robust mechanical alignment tolerances that enable successful
planetary exploration.
Keywords: Raman Spectroscopy, Spatial Heterodyne Spectroscopy, Spatial Heterodyne
Raman Spectroscopy
Email: tnathaniel@me.com
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"In physical science the first essential step in the direction of learning any subject is to find
principles of numerical reckoning and practicable methods for measuring some quality
connected with it. I often say that when you can measure what you are speaking about, and
express it in numbers, you know something about it; but when you cannot measure it, when
you cannot express it in numbers, your knowledge is of a meagre and unsatisfactory kind; it
may be the beginning of knowledge, but you have scarcely in your thoughts advanced to the
state of Science, whatever the matter may be."
Sir William Thomson, 3 May, 1883
vAcknowledgements
This thesis is dedicated to my wife.  Without her love, support, sacrifice and whip-cracking,
the completion of this thesis would have not been possible.  I would like to thank all my
parents and my family for their amazing examples and their encouragement in every step of
my life.
There are numerous colleagues that have given me technical and personal support during my
studies.  These include, in no particular order, David Barnhart, Chris Bridges, Thibault
Gouache, Greg Scott, David Wokes, Chris Brunskill, and Luke Sauter. The proofing efforts
at the last moment were especially appreciated. Special thanks to Karen Collar for all her
help and answers to all things administrative and for singlehandedly keeping the ship afloat.
As for the scientific efforts, many thanks to my advisor Dr Craig Underwood, this thesis
would not have been possible without his help and encouragement.
To all of you the mere expression of my thanks does not suffice.
The views expressed in this article are those of the author and do not reflect the official
policy or position of the United States Air Force, Department of Defense, or the U.S.
Government.
vi
Contents
1
Contents
Chapter 1 Introduction........................................................................................................9
1.1 Research Motivation ................................................................................................9
1.2 The Raman Effect ..................................................................................................10
1.3 The Anatomy of a Raman Spectrometer................................................................12
1.3.1 Excitation Source .............................................................................................13
1.3.2 Collection Optics .............................................................................................15
1.3.3 Spectrometer ....................................................................................................17
1.3.4 Detector............................................................................................................18
1.4 Structure of Thesis .................................................................................................18
1.5 Research Novelty ...................................................................................................18
Chapter 2 Review of the Literature ..................................................................................21
2.1 Raman Spectroscopy for Planetary Exploration ....................................................21
2.1.1 Classical Methods of Planetary Exploration....................................................21
2.1.2 Proposed Methods of Planetary Exploration ...................................................27
2.1.3 Critical Analysis and Raman Benefits .............................................................31
2.1.4 Raman Instrument Design Considerations.......................................................33
2.2 Implementation ......................................................................................................37
2.2.1 Dispersive Versus Interference Based Spectroscopy.......................................41
2.2.2 Spatial Heterodyne Spectroscopy (SHS) .........................................................42
2.2.3 SNR Comparison for Dispersive Versus SHS.................................................46
2.2.4 Recent SHS Developments ..............................................................................49
2.3 Raman Instruments ................................................................................................50
2.3.1 Performance Requirements..............................................................................51
2.3.2 Commercial Raman Instruments......................................................................51
2.3.3 Research Raman Instruments...........................................................................52
2.3.4 Recent Research Developments.......................................................................53
2.4 Chapter Discussion ................................................................................................54
Chapter 3 Materials and Methods.....................................................................................55
3.1 Initial Design Choices............................................................................................56
3.1.1 The Detector.....................................................................................................56
3.1.2 Laser Wavelength ............................................................................................56
3.1.3 Collecting Optics .............................................................................................57
3.1.4 Spectrometer and Exit Optics ..........................................................................58
3.2 Radiometric Estimates ...........................................................................................61
3.2.1 Radiometric Fundamentals of the Scenario .....................................................61
3.2.2 Signal to Noise Ratio (SNR)............................................................................64
3.2.3 Spatial Heterodyne Raman Spectroscopy in Sunlight .....................................65
3.2.4 ZEMAX Modeling...........................................................................................67
3.3 Control Data...........................................................................................................72
3.4 Alignment ..............................................................................................................75
3.5 Calibration..............................................................................................................78
3.6 Chapter Summary ..................................................................................................83
Chapter 4 Observations/Results........................................................................................85
4.1 Raman Spectra from Minerals ...............................................................................85
Contents
2
4.2 Data Processing......................................................................................................88
4.2.1 One-Dimensional Processing...........................................................................90
4.2.2 Two-Dimensional Processing ..........................................................................93
4.2.3 Background Removal.......................................................................................97
4.3 Instrument Behavior.............................................................................................100
4.3.1 The Instrument Line Function .......................................................................100
4.3.2 Extraneous Laser Signal ................................................................................103
4.3.3 The Modulation Transfer Function (MTF) ....................................................105
4.4 Data Quality .........................................................................................................108
4.5 Chapter Conclusions ............................................................................................110
Chapter 5 Flight Design..................................................................................................111
5.1 Requirements and Constraints .............................................................................111
5.2 The Excitation Wavelength..................................................................................112
5.3 The Detector.........................................................................................................114
5.4 The Laser .............................................................................................................116
5.5 The Collecting Optics ..........................................................................................117
5.6 The SHERA Flight Spectrometer ........................................................................119
5.6.1 SHERA Flight Design SNR Analysis............................................................128
5.7 The Spectrograph Design Reference ...................................................................131
5.8 Design Comparison Summary .............................................................................135
5.9 Chapter Conclusion..............................................................................................137
Chapter 6 Conclusions....................................................................................................139
6.1 Summary..............................................................................................................139
6.2 Research Conclusions ..........................................................................................139
6.3 Research Novelty .................................................................................................140
6.4 Future Work .........................................................................................................141
  List of Figures / List of Tables
3
List of Figures
Figure 1.1 Rayleigh Scatter vs Raman Scatter.........................................................................11
Figure 1.2 Common laboratory Raman spectrometer [14] ......................................................12
Figure 1.3 Block components of a Raman Spectrometer [15].................................................12
Figure 1.4 Raman Shifts of Common Mineral Targets[18] .....................................................15
Figure 1.5 Typical size of a fiber optic Raman probe [20]......................................................16
Figure 2.1 NASA “Rover Family Portrait” [45] ......................................................................27
Figure 2.2 ChemCam mast unit (left) and spectrometer units (right) [45] ..............................29
Figure 2.3 Raman spectra of an Antarctic extremophilic epilithic lichen recorded with 3
different excitation wavelengths.  Image from Edwards and Hargreaves [19]. ...............35
Figure 2.4 Raman edge filter response [74].............................................................................37
Figure 2.5 Monochromator vs Spectrograph Layout...............................................................38
Figure 2.6 Michelson Interferometer .......................................................................................39
Figure 2.7 Spatial Heterodyne Spectrometer ...........................................................................43
Figure 2.8 Graphical depiction of the variables in the grating equation [79] ..........................43
Figure 2.9 Littrow condition examples....................................................................................44
Figure 2.10 Monolithic SHS on STPSat-1...............................................................................50
Figure 2.11 ReportR and RockHound products from Invatec Delta Nu [88] ..........................52
Figure 3.1 Spectral Response Curve for Sony ICX285 CCD [96] ..........................................56
Figure 3.2 Iridian 532 Ultra-Steep LPF [74] ...........................................................................57
Figure 3.3 Diffraction grating efficiency curve. Image courtesy Richardson Gratings [100]. 60
Figure 3.4 Reference diagram for radiometric calculations [15] .............................................62
Figure 3.5 Simulated lab instrument from ZEMAX................................................................68
Figure 3.6 ZEMAX sequential mode layout for optimizing exit optics ..................................69
Figure 3.7 Spot diagram for exit optics design from SHERA breadboard ..............................69
Figure 3.8 3-D Layout of SHERA from ZEMAX simulation .................................................70
Figure 3.9 Spectrum from ZEMAX SHERA breadboard simulation......................................71
Figure 3.10 Renishaw System 2000 microRaman Spectrometer used to collect control data 72
Figure 3.11 Control data of Celestine and Rose Quartz collected on Renishaw instrument ...74
Figure 3.12 SHERA breadboard instrument setup ..................................................................75
Figure 3.13 Spatial Heterodyne Element of SHERA...............................................................76
Figure 3.14 Grating mount.......................................................................................................77
Figure 3.15 Mercury calibration image showing defects; Inset: Pixel intensity for row 200..79
List of Figures / List of Tables
4
Figure 3.16 This spectrum shows the raw spatial frequency data used in calibration.............80
Figure 3.17 Spectral response of the SHERA instrument calculated from Equation 3.13 ......82
Figure 3.18 Mercury lamp as measured after calibration; Absolute line positions are
546.075 nm, 576.961 nm, and 579.067 nm ......................................................................82
Figure 4.1 Raman spectrum of Celestine from SHERA breadboard .......................................86
Figure 4.2 Raman spectrum of Rose Quartz from SHERA breadboard ..................................87
Figure 4.3 Celestine sample interferogram..............................................................................89
Figure 4.4 Plot of row number 250 from the celestine interferogram .....................................90
Figure 4.5 Raw FFT data from sample interferogram, the DC term dominates the spectrum 91
Figure 4.6 Shifted and filtered Raman spectrum of a single row from celestine sample ........92
Figure 4.7 Single row spectrum from celestine sample ...........................................................93
Figure 4.8 Celestine spectrum after 2-D FFT method for processing .....................................94
Figure 4.9 The "Spatial sum” spectrum above is identical to the 2-D FFT in Figure 4.8 .......95
Figure 4.10 The celestine Raman spectra using the “Fourier sum” method............................96
Figure 4.11 Raman spectrum of celestine with 5 iterations of modpolyfit also plotted ..........98
Figure 4.12 Raman spectrum of celestine after background correction ..................................98
Figure 4.13 (a) Mercury lamp spectrum with Gaussian  (b) Signal after multiplication.......101
Figure 4.14 Measured versus Ideal Instrumental Line Shape................................................102
Figure 4.15 ILS when sampled at 2x and 4x via "zero padding" ..........................................102
Figure 4.16 Rose Quartz Raman spectrum from SHERA breadboard ..................................104
Figure 4.17 Sample Showing Laser Signals as a Function of Wavelength ...........................104
Figure 4.18 Sample Showing Laser Signals as a Function of Spatial Frequency..................105
Figure 4.19 MTF, perfect lines are imaged and contrast on the image is measured [125]....105
Figure 4.20 Linos MTF performance data .............................................................................106
Figure 4.21 The MTF effects of coherent illumination .........................................................107
Figure 4.22 Raman Inactive spectrum combined with MTF data .........................................108
Figure 4.23 RRUFFTM project matching results, Left:  SHERA, Right:  data control ..........109
Figure 5.1 Typical spectral sensitivity available from CCDs [127] ......................................112
Figure 5.2 ICCD schematic [131]..........................................................................................114
Figure 5.3 Photonic Science ICCD camera [132]..................................................................115
Figure 5.4 Cut-away and sealed views of the ChemCam laser [135] ....................................116
Figure 5.5 The Mars Raman prototype probe;  6-inch ruler for scale [138]..........................118
Figure 5.6 InPhotonics Raman probe design [20] .................................................................118
Figure 5.7 ZEMAX 2-D layout of the SHERA flight optics .................................................121
  List of Figures / List of Tables
5
Figure 5.8 ZEMAX 3-D layout of the SHERA flight optics .................................................121
Figure 5.9 SHERA exit optics as optimized in ZEMAX sequential mode............................122
Figure 5.10 SHERA flight design Modulus of the Optical Transfer Function (MTF) ..........123
Figure 5.11 Spot diagram for 3 wavelengths and 5 fields across the object plane ................124
Figure 5.12 Flight SHERA exit optics with fold mirrors ......................................................125
Figure 5.13 Interferogram section produced by ZEMAX non-sequential ray trace ..............126
Figure 5.14 ZEMAX spectrum using SHERA processing algorithm....................................126
Figure 5.15 The SHOW interferometer is a good example of monolithic construction........127
Figure 5.16 Sketch of butt coupling considerations for fiber mating [139]...........................129
Figure 5.17 Throughput schematic ........................................................................................131
Figure 5.18 Performance range of HR4000 with 1200lines/mm grating and 5μm slit [144] 133
Figure 5.19 Internal crossed Czerny-Turner design of the HR-4000 [144]...........................134
List of Tables
Table 1-1 Raman scatter and Raman shifted peaks in the chemical benzene, C6H6. ..............14
Table 2-1 MER instrument attributes.  *sensor head +electronics.........................................25
Table 2-2 Phoenix instrument attributes ..................................................................................26
Table 2-3 Classical advantages and disadvantages of dispersive vs FT spectroscopy ............41
Table 2-4 ReportR and RockHound technical specifications[88] ...........................................52
Table 3-1 Flight instrument key design parameters.................................................................55
Table 3-2 Spectrometer breadboard components and specifications.......................................58
Table 3-3 Raman efficiencies of various Martian analogue minerals .....................................62
Table 3-4 Mineral and Ore samples with locations and chemical descriptions.......................73
Table 3-5 SHERA breadboard calibration results - Key Performance Parameters .................83
Table 4-1 SNR of spectra presented ........................................................................................87
Table 4-2 Matching comparison from the Crystal Sleuth automated matching routine. .......109
Table 5-1 Photonic Science ICCD camera specifications [133]............................................115
Table 5-2 Grating groove density design trade......................................................................119
Table 5-3 Ocean Optics HR2000 Specifications [144]..........................................................132
Table 5-4 Power, Mass and Volume details of Laser, Detector and Probe Components ......135
Table 5-5 SHERA design compared to the Ocean Optics HR4000.......................................135
Glossary of Terms
6
Glossary of Terms
1-D 1-Dimension
2-D 2-Dimension
3-D 3-Dimension
APXS Alpha Particle X-ray Spectrometer
CCD Charge coupled device
COTS Commercial Off The Shelf
DC Direct current or zero frequency term
DSC Differential Scanning Calorimeter
ESA European Space Agency
FT Fourier Transform
FFT Fast Fourier Transform
FTS Fourier Transform Spectrometer
FWHM Full Width at Half Maximum
GCMS Gas Chromatograph and Mass Spectrometer
GC Gas Chromatograph
ICCD Intensified charge coupled device
ILS Instrument Line Shape
LIBS Laser Induced Breakdown Spectroscopy
MA_MISS Mars Multispectral Imager for Subsurface Studies
MCP MicroChannel Plate
MER Mars Exploration Rovers
MIMA Martian Infrared Mapper
MIMOS Miniaturized Mössbauer Spectrometer
Mini-TES Miniature Thermal Environment Spectrometer
MTF Modulation Transfer Function
MSL Mars Science Lab
NASA National Aeronautics and Space Administration
Nd:YAG Neodymium, Yttrium Aluminum Garnet
NA Numerical Aperture
OPD Optical Path Difference
ppb parts per billion
QMS Quadrupole Mass Spectrometer
RRS Remote Raman Spectrometer
Glossary of Terms
7
SAM Sample Analysis at Mars
sCMOS Scientific Complimentary Metal Oxide Semiconductor
SHS Spatial Heterodyne Spectroscopy
SNR Signal to Noise Ratio
TEGA Thermal and Evolved Gas Analyzer
TLS Tunable Laser Spectrometer
XRFS X-ray Fluorescence Spectrometer
XRD X-ray Diffraction
ZPD Zero Path Difference
8
 Chapter 1. Introduction
9
Chapter 1 Introduction
1.1 Research Motivation
Space is an expensive business.  At the extreme end of this expensive business is the field of
planetary exploration.  This field in particular is so expensive that only a handful of
governments on Earth can afford to complete a mission.  The primary constraints to a space
mission are mass and volume and on an interplanetary mission these constraints are severe.
There is a continuing search for instruments that can provide meaningful new science data
within such a small envelope.  The purpose of this thesis is to describe and evaluate a new
technique for planetary exploration that offers benefits to the quality of science and ease of
operation. Specifically, Raman spectroscopy is a chemical analysis method that was until
recently confined to laboratory use.  With advances in lasers and optics its use has exploded
into the factory and the field and hopefully soon, on to other worlds.
Landing a probe on another planet is a very difficult task.  The record of success is anything
but stellar.  Of 17 total missions headed for the Martian surface, only a meager 6 missions
have returned any meaningful data [1]. The twin rovers Spirit and Opportunity are arguably
the most successful planetary lander missions. Originally designed for a mission life of 90
Martian days, Spirit operated for over 6 years while Opportunity is still going strong after 7.5
years [2-3].  The primary chemistry payloads on-board the twin Mars exploration rovers
within the Athena science package are the Alpha Particle X-ray Spectrometer (APXS) and
the Mössbauer Spectrometer [4].  These instruments each require approximately 10 hours for
a single scan. This long scan time drives the concept of operations for the rovers.
This report presents an alternative method for planetary exploration that can dramatically
reduce the scan time required and give many sample points in a given sample area. Raman
spectroscopy makes a major leap forward in the information gained from a planetary probe
and increases the return on the tremendous investment required to land a vehicle on another
planet.  Raman spectroscopy has been proposed as a technique for planetary exploration
within the past 20 years [5-10]. These proposals outline the advantages of Raman
spectroscopy as an in situ tool for planetary exploration.  The primary advantages are:
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 no sample preparation required
 rapid analysis (several seconds)
 definitive mineral characterization
 sensitivity to both minerals and organic compounds
 no consumables required (unlimited analysis)
The primary drawbacks of the technique are:
 weak Raman effect (~10-8 return efficiency)
 laser line Raleigh scatter must be filtered
 sample fluorescence can be more intense than Raman signal
The objective of this research was to develop a compact remote Raman spectrometer capable
of in situ mineral identification. There are several strategies to employ modern technology to
overcome the drawbacks of the technique to fully realize all the advantages. The vision is
that a rover will have the capability to rapidly examine the chemical makeup of rocks within
reach of a robotic arm to enable an informed decision about which areas deserve further study
with other payload instruments that require longer scan times or sample preparation such as
drilling or grinding and loading into a sample chamber.
1.2 The Raman Effect
Raman spectroscopy is named after Dr C.V. Raman who won the Nobel Prize in 1930 for his
description of the inelastic scattering of light in 1928 [11].  Specifically Dr Raman discovered
that a small fraction of the light scattered by a material differed from the radiation incident on
the material.  Most importantly, Dr Raman found the wavelength shift in the radiation was
correlated to the chemical structure of the scattering material.  Despite early demonstrations
of the Raman effect, the use of Raman scattering as a spectroscopic technique did not become
widely available until the advent of the laser.  When the laser source was combined with
advances in optics and filters, Raman spectroscopy became a powerful investigative
technique capable of revealing both structural and elemental information about materials.
The scientific explanation of Raman scattering requires some understanding of the energy
states within a molecule.  At the molecular level, the interactions of molecules and photons
are complex.  When a photon strikes a molecule, that photon is absorbed and the molecule
immediately emits a photon of the same frequency and same wavelength in a random
direction [12].  The intensity of the scattered light is proportional to λ-4, where λ is the
wavelength of the light.  This scattering is known as Rayleigh scattering and is also referred
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to as elastic scattering because the scattered photons are the same wavelength as the incident
photons.
About one in every million to one in every billion photons is inelastically scattered, which
means the emitted photon is not of the same wavelength as the incident photon [12].
Inelastically scattered photons are said to be Raman scattered photons.  Raman scattering
occurs when a molecule absorbs a photon and emits a photon of lower energy, thereby
remaining in an excited vibrational state after the emission. If a molecule is already in an
excited vibrational state (i.e. from heating), photons of higher energy may be emitted when
the molecule drops down into the ground vibrational state upon photon emission. Although
these Raman scattered photons are a very weak portion of the incident radiation, the energy
of the Raman scattered photons is tied directly to the molecular structure of the sample.  The
quantized nature of the energy states in a molecule ensure that the Raman scattered photons
are specific, repeatable and non-random which enables the calculation of the energy states
and therefore the structure and composition of the molecule. Figure 1 illustrates Rayleigh
and Raman scattering graphically.
Figure 1.1 Rayleigh Scatter vs Raman Scatter
As Figure 1.1 shows, an inelastic transition which emits a lower energy photon is known as a
Stokes transition while an inelastic transition which emits a higher energy photon is known as
an anti-Stokes transition. The Stokes transition is often described as “red-shifted” because it
returns a lower energy, longer wavelength photon while the anti-Stokes transition is
described as “blue-shifted” because it returns a higher energy, shorter wavelength photon.
The Stokes transition is the dominant transition in Raman scattering by two orders of
Rayleigh Scatter Raman Scatter
Elastic
Transition
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Stokes
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Intermediate
or virtual
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energy states
Vibrational
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magnitude at room temperature [13].  For this reason, most Raman spectrometers are only
concerned with the Stokes transitions as is the case for the instrument proposed in this thesis.
1.3 The Anatomy of a Raman Spectrometer
A common laboratory Raman spectrometer is shown in Figure 1.2. The mass and volume of
the common laboratory instrument is obviously not suitable to carry on a planetary lander.
To effectively shrink this instrument with out compromising performance, the design of the
instrument must be scrutinized and understood.
Figure 1.2 Common laboratory Raman spectrometer [14]
Many different types of Raman spectrometers exist but they all have four common
components: the excitation source (laser), the collection optics, the spectrometer and the
detector. A simple diagram is presented in Figure 1.3 with all components labeled.
Figure 1.3 Block components of a Raman Spectrometer [15]
Laser
Collection Optics
Detector
Spectrometer
Rock outcropping “Longhorn” taken by Spirit.
Image courtesy NASA
Sample
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1.3.1 Excitation Source
A Raman spectrometer must have a monochromatic excitation source.  The wavelength of
excitation selected is arguably the most important decision facing the instrument designer
because it dictates the portion of the spectrum in which the instrument will work and
therefore affects all other components of the instrument. The early Raman experiments were
performed with a complex setup filtering sunlight collected by a telescope [16]. Only after
the invention of the laser source in 1960 [17], did Raman instruments become a viable
analysis technique for every modern laboratory.
Because the Raman scattered light is shifted from the excitation energy, that excitation
energy must be sufficiently monochromatic to create a sharp peak of Raman scattered energy
in the spectrum. The line width of the laser is a limiting factor on the spectral resolution from
the instrument because the entire laser line width induces Raman scatter.  Thus if the laser
line width is 0.1nm then the width of the Raman peak will be at least 0.1nm.  To ensure the
laser is not the limiting factor, the line width of the laser should be at least half the resolution
of the spectrometer.  This is the reason that single longitudinal mode lasers with extremely
monochromatic output are nominally used in laboratory Raman spectrometers.
It may initially appear contradictory that the Raman scattered radiation depends upon the
excitation wavelength and yet the spectra from different excitation wavelengths are the same.
In fact spectra from different excitation wavelengths can be overlaid and compared directly.
This is because the units on Raman spectra are relative to the excitation source and plotted as
a wavenumber shift (Δcm-1).  To rephrase that, the absolute Raman scatter returned is
dependant on the laser wavelength. However Raman spectra are described in units relative to
the laser excitation because the wavenumber shift is independent of the laser wavelength. For
this reason, the units on Raman spectra are technically expressed as Δcm-1, although the Δ is
often dropped and the x-axis is only labeled cm-1. The wavenumber (σ) is a unit of
convenience in Raman spectroscopy and is defined as σ=1/λ, where λ is in centimeters. The
wavenumber is a unit of spatial frequency and can be visualized by a brief example:  A
wavelength of 500nm is the same as a wavenumber of 20,000cm-1. Visually, this means that
in one cm a photon of wavelength 500nm completes 20,000 oscillations.
As an example, the chemical benzene C6H6 is commonly used to calibrate Raman
instruments. A Raman spectra of Benzene will yield sharp, distinct peaks at 1000Δcm-1,
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1600Δcm-1, and 3000 Δcm-1 from the vibrational modes of symmetric breathing, quadrant
stretch, and C-H stretching respectively [16].
Table 1-1 below summarizes the absolute Raman scatter and the shift from the laser light that
would be expected for 3 different wavelengths of laser excitation.
Table 1-1 Raman scatter and Raman shifted peaks in the chemical benzene, C6H6.
Laser λ
nm
Laser λ,
cm-1
Raman shift,
Δcm-1
Raman absolute
λ, cm-1
Raman
absolute λ, nm
Raman shift
Δnm
532 18797 1000
1600
3000
17797
17197
15797
561.9
581.5
633.0
29.9
49.5
101.0
765 13072 1000
1600
3000
12072
11472
10072
828.0
871.7
992.9
63.3
106.7
227.9
1064 9398 1000
1600
3000
8398
7798
6398
1190.7
1282.3
1562.9
126.7
218.3
498.9
To further the point, the calculations for the 1000Δcm-1 peak are traced through at the 532nm
and 1064nm excitation wavelengths. 532nm is converted to wavenumbers by converting
532nm to centimeters and using the relation σ=1/λ. cmnm
cmnm 57 1032.5101
1532 
followed by 15 187971032.5
1 
  cm A Raman Stokes shift of 1000Δcm
-1
means that wavelength of this peak will be shifted to a lower frequency and longer
wavelength; 18797cm-1–1000cm-1 = 17797cm-1.  To convert 17797cm-1 back to wavelength,
the wavenumber is inverted and converted back to nanometers. Thus
cmcm
5
1 10619.517797
1 
  followed by nmcm
nmcm 9.5611
10110619.5
7
5   .
Following the same process for the 1000Δcm-1 peak at an excitation of 1064nm shows that
the absolute wavenumber of the peak will be 8398cm-1 corresponding to a wavelength of
1190.7nm.  The reader will quickly notice that the only number that is the same between the
two calculations is the relative shift of the peak, 1000Δcm-1.  It becomes obvious that this
relative Raman shift is the unit that allows Raman spectra for the same material to be
compared between different instruments. Figure
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Raman Shifts of common mineral targets
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Figure 1.4 Raman Shifts of Common Mineral Targets[18]
Collecting Raman spectra over the range of 50-3500Δcm-1 captures all of the important
vibrational information for organic and inorganic molecules [19].  Fortunately for the end
user, the spectra of a mineral should look the same regardless of the excitation wavelength
because the spectra are labeled in Δcm-1 which is independent of the excitation source, see
column 3 in Table 1-1. Although the spectra are typically unaffected by the excitation
wavelength, the rest of the instrument must be aligned to operate with the excitation
wavelength.  When building an instrument the excitation wavelength affects all components.
It drives the selection of optics to transmit the required wavelengths.  The spectrometer must
achieve separation of the appropriate wavelengths at sufficient resolution.  And finally, the
detector must be sensitive to the corresponding Raman scattered radiation that is induced by
the excitation wavelength.
1.3.2 Collection Optics
After the laser has induced the Raman scattering in a sample the collection optics need to
collect the Raman scattered radiation.  Collecting enough Raman scattered radiation to get a
measurable signal is the first challenge of building a Raman spectrometer. The Raman effect
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is very weak, the Raman scattered radiation is returned at a factor between 10-6 - 10-8 of the
laser energy input to the sample. Optically, the amount of light collected depends on the
angle of light captured.  Maintaining close proximity to the sample ensures that a large angle
of light is captured.  Fortunately, the entire instrument does not require close proximity.  The
Raman technique naturally lends itself to excitation and collection through fiber optics.
The fiber optic Raman probe is one of the methods used to take advantage of the Raman
technique for industrial monitoring.  The bulky spectrometer can be isolated in a clean
vibration free room while a fiber optic probe hundreds of meters long is taken around the
factory for quality assurance[20].  The excitation laser energy can be delivered via one fiber
and the collected Raman scattered light can be collected via a return fiber all mounted on the
arm of a rover in a compact package. The Raman probe shown in Figure 1.5 has a length of
10cm and a diameter of 1.5cm.
Figure 1.5 Typical size of a fiber optic Raman probe [20]
The collection optics must complement the laser excitation wavelength.  The optics must
transmit in the ultraviolet/visible/infrared as appropriate given the choice of excitation
wavelength.  Also, it is necessary to prevent collection of the Rayleigh scattered, reflected
laser energy which will be several orders of magnitude more intense than the Raman scatter
from the sample. The filters used for this purpose will be discussed in section 2.1.4.1.  The
filter is normally embedded in the fiber optic probe.
In most traditional Raman instruments, background light is addressed by enclosing the
sample and performing the analysis in the dark.  On the planetary surface, enclosing the
sample would require loading the sample into an internal chamber.  Another option would be
to perform the analysis at night.  The nuclear power sources of future rovers make this a
plausible option. However, a better method involves a pulsed laser and a gated detector to
minimize the effects of background light and will be discussed in section 3.2.3
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1.3.3 Spectrometer
The spectrometer selection is at the heart of the performance of the instrument and this choice
is the essence of this thesis. In a Raman spectrometer, the job of the spectrometer is to
measure the wavelength and intensity of Raman scattered light.  The key performance
parameter delivered by the spectrometer is the spectral resolution. Edwards and Hargreaves
have devoted a book chapter to the benefits that Raman spectroscopy would bring to Mars
exploration.  They indicate that an acceptable level of resolution for a planetary Raman
instrument is 2-4Δcm-1 [19]. As can be seen from Table 1-1, the choice of excitation
wavelength determines the operating wavelength range of the spectrometer. Summarizing
the example from Table 1-1, meeting a 2Δcm-1 resolution requirement would mean an
absolute resolution of 0.056nm, 0.117nm and 0.226nm for the 532nm, 765nm, and 1064nm
laser wavelengths respectively.  This resolution is just achieved in most laboratory
instruments and presents a major challenge for a compact planetary instrument.
Almost every type of spectrometer can be coupled with a Raman instrument and there are
costs and benefits to each type.  The two main categories of spectrometers are dispersive and
interference-based [21].  In a dispersive spectrometer, light is allowed to enter through a slit
and then gratings and prisms are used to disperse the light onto a detector. The classical
design for an interference-based spectrometer is the Michelson interferometer which will be
discussed in detail in Section 2.2.  In the Michelson design, the incoming light is split into
two equal beams and then the path length of one or both beams is altered before the beams
are recombined.  The differing path lengths create constructive and destructive interference as
the recombined beam hits the detector.  The spectrum is then captured through a Fourier
transform of the intensity profile at the detector. A further comparison of the two types of
spectrometers will be presented in section 2.2.
A novel approach to the interference based spectrometer design is a technique called Spatial
Heterodyne Spectroscopy (SHS).  This method maintains the high throughput of the
Michelson design and yet requires no moving parts. This SHS technique is ideally suited for
Raman spectroscopy because the throughput advantage of the SHS provides a gain in the
collection of the weak Raman signal. Additionally the SHS technique provides the advantage
of extremely compact design while maintaining high resolution.
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1.3.4 Detector
The detector collects the photons of interest.  The chosen detector must be compatible with
the spectrometer architecture and the appropriate part of the electromagnetic spectrum. The
detector is also where the theoretical model of the instrument is proven.  Radiometric analysis
of the signal-to-noise available at the detector will show that the proposed instrument collects
enough light to produce a Raman spectrum.  This analysis will be presented in section 3.2.
1.4 Structure of Thesis
This thesis is structured as follows: Chapter 2 contains the Literature survey that includes an
analysis of the Raman technique compared to other planetary exploration techniques, a
discussion of various methods of spectroscopy with an in depth view spatial heterodyne
spectroscopy, and a survey of current Raman instrument capabilities.  Chapter 3 describes the
design, alignment, and calibration of the demonstration instrument that was constructed to
evaluate the feasibility of a spatial heterodyne Raman spectrometer. Chapter 4 examines the
Raman spectra captured from the breadboard instrument and explains the algorithms used in
the spectral processing.  Chapter 5 is a by-the-numbers comparison between flight like
designs of the spatial heterodyne Raman instrument and a dispersive instrument based on the
same detector.  Chapter 6 draws final conclusions and provides recommendations for future
work.
1.5 Research Novelty
Raman spectroscopy is a relatively recent idea in planetary exploration but this is by no
means the first work to propose it.  The real novelty of this report is the proposal of
combining Raman spectroscopy with a spatial heterodyne spectrometer. Specific areas of
novelty will be shown as follows:
 An original design has been completed for a spatial heterodyne Raman spectrometer.
 A Spatial HEterodyne RAman (SHERA) breadboard was assembled and tested using
all commercial-off-the-shelf (COTS) products.
 This thesis represents the first systematic study of Spatial Heterodyne Raman
Spectroscopy
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The conclusions of this report show that there are significant advantages to using the Spatial
Heterodyne Spectroscopy technique to capture Raman spectra:
 The SHERA design comparison showed the advantage of 62x higher throughput
when compared to an optimized Czerny-Turner grating spectrograph.
 The SHERA design achieved this performance in a package that is 25% more
compact than the leading Czerny-Turner design.
 The SHERA design is realized with the additional advantages of robust tolerances for
fiber alignment and relaxed surface flatness requirements.
These design advantages are proven for a Raman spectrometer applied to Mars exploration
but the advantages extend to any method of spectroscopy.  The main drawback of the SHS
technique is the “multiplex disadvantage” which describes the integration of background
noise across the entire bandwidth of the instrument.  The multiplex disadvantage is the reason
that Fourier transform spectroscopy is not recommended to capture Raman in the presence of
sunlight and will be discussed in section 3.2.3.  Despite the multiplex disadvantage, it will be
shown that the Raman SHS instrument allows a high throughput, compact design that is well
suited for planetary exploration.  The performance parameters of bandwidth, resolution and
Signal-to-Noise Ratio (SNR) are predicted and compared to actual results from a working
breadboard.  The results match or exceed the predicted performance and show very positive
results for the Spatial HEterodyne RAman instrument (SHERA).
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Chapter 2 Review of the Literature
This chapter compares the history of Mars exploration methods along with proposed methods
in advanced development.  The review of current methods is followed by an examination of
Raman spectroscopy and the advantages of the technique for planetary exploration. The
various methods of spectroscopy available for coupling to a Raman spectrometer are also
presented.  The technique of spatial heterodyne spectroscopy (SHS) is covered in detail.
Finally current commercial and Raman instruments are reviewed to understand the current
state-of-the-art performance of Raman spectroscopy.
2.1 Raman Spectroscopy for Planetary Exploration
When developing a new instrument for planetary exploration, it is necessary to understand
the instruments that have already been deployed and review their strengths and weaknesses.
A complete review should also examine the strengths and weaknesses of other new
instruments that are in advanced stages of development. This section will focus on the
instruments that have actually been used for chemical analysis on the surface of Mars and
those instruments in a sufficiently advanced stage of development that are designed for
chemical analysis of our neighboring planet.
2.1.1 Classical Methods of Planetary Exploration
2.1.1.1 Viking
The first successful probes to the Martian surface were the Viking missions. Launched in
1975, Viking 1 and 2 were sent to Mars with several scientific payloads [22-23]. Two
instruments were carried on each Viking lander that were capable of chemical analysis, a
combination gas chromatograph and mass spectrometer (GCMS) as well as an X-ray
fluorescence spectrometer (XRFS).
The GCMS method used on the Viking landers is still one of the most powerful chemical
analysis techniques in terrestrial laboratories today. The gas chromatograph technique
separates a sample through a capillary column.  Molecules are introduced to the mass
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spectrometer at the end of the capillary column.  In the mass spectrometer, the molecules are
ionized, accelerated, and then detected based on their charge-to-mass ratios.  The
combination of the retention time by the gas chromatograph and the mass spectrum of the
ionized molecule yields a conclusive result of chemical identification [24].
The Viking GCMS produced a spectrum on any material capable of exerting a vapor pressure
of 10-6torr* at 200°C [25].  This Viking instrument was employed to analyze the chemistry of
the Martian atmosphere as well as the chemical composition of the first few centimeters of
soil.  Because the samples were required to enter the instrument in the gas phase, surface
samples were heated up to 500°C to induce as many volatiles as possible into the instrument
[26].  From a science perspective, the GCMS technique had high sensitivity and revealed the
absence of organic compounds at the two Viking landing sites based on 4 surface samples
[27].
From an operational perspective however, the requirement of getting a gas phase sample into
the instrument is a major drawback to gathering the large quantity of information necessary to
understand the complexity of an entire planet.  Because of the Viking lander constraints, the
normal GCMS sample preparation process of wet chemical digestion followed by solvent
extraction was sacrificed for the less informative but more reliable thermal volitization
method.  Each oven sample holder could only perform one analysis because there was no
method for cleaning and decontaminating the sample holder.  Originally designed with 8
sample ovens, the flight instrument was scaled back to 3 and the oven that was directly
monitored by the GCMS had to be removed for reliability concerns as well [27].
The X-ray Fluorescence Spectrometer (XRFS) on board Viking was designed to determine
the gross chemical makeup of the local Martian surface material. The XFRS works by
radiating a sample with X-rays from 55Fe and 109Cd, these X-rays transfer energy to the
sample atoms and liberate an electron from an inner shell.  The hole created is filled by an
electron from an outer shell with release of energy in the form of an X-ray [28].  This X-ray
energy is characteristic of the element and the rate of X-ray emission gives an indication of
its concentration. The XFRS was not sensitive to elements lighter than magnesium due to the
weaker interaction of X-rays with lighter elements (atomic number 11 and smaller) [29].
* 1 Torr = 133.3 Pa;  760 Torr=101 kPa
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The XRFS was officially added to the Viking mission in August 1972, just 3 years before
launch in August 1975 [28].  The X-ray spectra produced by the XRFS proved crucial to
understanding the Martian landscape.  This instrument, like the GCMS required delivery of
the sample into a specific sample holder.  The instrument had a dump chamber that allowed
the processing of a maximum of 25 samples.
The Viking missions were certainly a major step forward in planetary exploration. The
similarity of the landing sites 6500km apart was astounding [30] and although the Viking
experiments performed on all counts, the information revealed was a blow to the exploration
cause overall.  The Viking pictures showed a lifeless planet and the chemistry experiments
reinforced the view.  As a result, no Earthly craft returned to the Martian surface for over 22
years.
2.1.1.2 Mars Pathfinder
The surface area of Mars is about 28% of Earth’s surface area [31]. Considering the Earth is
covered by about 70% ocean, the actual land area of the two planets is roughly the equal.
The Viking missions had achieved much from a fixed station but as remote sensing spacecraft
were deployed it was realized that a mobile platform would be required for a further
understanding of our neighboring planet.  The Mars Pathfinder mission arrived on the
Martian surface on 4 July 1997 [32].  The 10.5kg Sojourner rover was deployed to explore
the area around the landing site.  The chemical analysis package for the Pathfinder mission
was on-board Sojourner to enable the flexibility of exploring the chemical makeup of a larger
selection of rocks and soil. At end of mission Sojourner had travelled over 100m [32].
The Alpha Proton X-ray Spectrometer (APXS) was the chemical analysis package on
Sojourner based on detecting atomic interactions with alpha particles. A 244Cu source
bombards a sample with protons, elastic collisions between alpha particles and lighter
elements will change the direction and energy of the alpha particles in a process known as
Rutherford scattering [33].  In Na, Mg, Al, Si, and S the alpha proton interaction may release
characteristic proton radiation.  A third characteristic mechanism is present in heavier
elements, the alpha particles will liberate an electron from an inner shell and create the same
characteristic X-ray radiation that was detected by the XRFS on the Viking experiment [33].
The APXS was sensitive to all three alpha particle interactions and therefore capable of
detecting every element except hydrogen down to at least 1% abundance by weight.  For the
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elements C and O a sensitivity of 0.1% was achieved due to resonance interactions with alpha
particles.
From an engineering perspective, this instrument was ideal for an interplanetary mission.
The sensor head measured just 52 x 71 x 35mm and the electronics box measured just 70 x 80
x 65mm [33]. The mass of the instrument was only 590g, the power consumption was
350mW, and the data produced was 16kbits per analysis [33]. The operation of the
instrument was a major advance because there was no requirement to deliver a sample to the
instrument. Instead, the sensor head was placed against a sample on the ground or on a
vertical rock face.  This was a major improvement over the Viking instruments because it
meant that the number of samples analyzed was only limited by time and power and not a
fundamental limitation of the instrument itself.  The only drawback to the operation of the
APXS was that a single sample had a 10 hour scan time [33].
2.1.1.3 Mars Exploration Rovers (MER)
Building on the success of the Pathfinder mission, the next visitors to the Martian surface
were a pair of twin rovers. Nicknamed Spirit and Opportunity, the rovers were each roughly
the size of a golf cart, weighing in at 170kg the wheel base was 1.41m x 1.22m and the mast
was 1.54m tall after deployment [2]. These rovers were conceived as field geology
investigators capable of covering 600m within a 90-day mission lifetime [2].  The APXS
performance on the Pathfinder mission earned it a spot on the Athena science package which
is the payload of the MER.  After some lessons learned from Sojourner were applied, a higher
capability version of the instrument emerged with twice the sensitivity, 0.5% abundance by
weight.  The sensitivity of the X-ray detector was significantly improved and a touch-and-go
mode of operation could get statistically significant results in about 30 minutes [34] although
for light element analysis with the alpha particle interaction, a full 10 hour scan was still
preferred.
Two other instruments on the MER mission contributed to the understanding of Mars’
chemistry and mineralogy. Deployed on the robotic arm along with the APXS was the
Mössbauer spectrometer, which was designed to provide quantitative mineralogical analysis
of iron-bearing materials. The Mössbauer effect refers to the recoilless emission and resonant
absorption of gamma-rays [35].  The 57Fe isotope of iron exhibits the Mössbauer effect when
radiated with the 57Co source and allows resolution of the hyperfine structure that is
  Chapter 2 Literature Review
25
characteristic of the 57Fe oxidation state and mineralogical environment [35].  The preferred
scan time for the Mössbauer spectrometer was 6-12 hours.
To help identify interesting sites for the deployment of the APXS and Mössbauer
spectrometer, the Mini-Thermal Environment Spectrometer (Mini-TES) was included on the
mast of the MER with the primary imager.  The Mini-TES was a Fourier Transform
Spectrometer (FTS) that covered the spectral range 339.5-1997.1cm-1 (5-29µm) with a
resolution of 10cm-1 [36].  The broad spectra provided by the Mini-TES did not allow
absolute identification of mixed minerals but the Mini-TES was accurate to approximately
5% abundance by weight [36].  The Mini-TES, like the Mössbauer spectrometer and the
APXS could take unlimited spectra.  This design feature of all 3 spectrometers had a
tremendous scientific payout as the original 90-day mission lifetime has been extended to
over 6 years for Spirit and with Opportunity still operating after 7.5 years. Perhaps the
primary discovery from the rovers was evidence that minerals were laid down in liquid water
on the Martian surface.  The volume, mass, power and scan time attributes of the MER
instruments are summarized below in Table 2-1.
Table 2-1 MER instrument attributes. *sensor head +electronics
Instrument Volume Mass Power Full Scan Time
APXS [34] 90x53x53mm*
170x100x10mm+
0.37 kg 0.5 W 10 hours
Mössbauer [37] 90x50x40mm*
160x100x25mm+
0.5 kg 2 W 12 hours
Mini-TES [36] 235x163x155mm 2.4 kg 5.6 W 160 sec
2.1.1.4 Mars Phoenix Lander
On 25 May 2008, the Mars Phoenix Lander became the 1st craft since Viking to touch down
safely on the Martian surface without using airbags [38]. The Phoenix mission rose from the
ashes of a 2001 mission that was supposed to follow the failed Mars Polar Lander (MPL)
[39]. Some flight instruments were already built and others were replicated designs from the
MPL mission.  The primary chemical analysis experiments were on the main deck of the
Phoenix craft and required soil samples to be loaded into the instruments by the robotic arm.
The Thermal and Evolved Gas Analyzer (TEGA) is a differential scanning colorimeter (DSC)
with an attached mass spectrometer sensitive to a level of 10 parts per billion (ppb) [40].  The
DSC works by heating the sample according to a predetermined temperature profile.  The
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heat required to maintain the temperature profile is carefully monitored to determine phase
transitions of the volatiles from the soil sample [40]. As the volatiles are boiled off from the
DSC they are collected in a mass spectrometer that ionizes the molecules which are then
captured and characterized by their mass-to-charge ratio. There were 8 ovens on board with a
primary scientific purpose of characterizing the abundance of water and CO2 in the Martian
soil.
The Mars Environmental Compatibility Assessment (MECA) was rechristened the
Microscopy, Electrochemistry, and Conductivity Analyzer (MECA) and directly incorporated
from the cancelled 2001 Mars mission. The MECA is a wet chemistry lab that also
incorporates both an optical microscope and an atomic force microscope. The primary wet
chemistry analysis sensors, known as ion sensitive electrodes (ISE), are a well established
method used to determine the concentration of ions in solution [41].  The MECA included
ISEs sensitive to 14 different cations and anions.  This wet chemistry analysis was the first
direct method capable of providing the identity and solubility of compounds and salts.  The
X-ray techniques of previous instruments did establish bulk elemental composition but
compound identification was merely inference based on Earth’s geochemistry.
Unfortunately the combination of microscopy with the wet chemistry lab did not allow
microscopy on the same sample that was analyzed by the wet chemistry cell. However, the
robotic arm was able to deliver soil from the same area or even the same scoop of Martian
regolith to get a closer look at the samples. The optical microscope had a resolution of 6µm
while the atomic force microscope extended this resolution to approximately 0.1µm [42].
The microscopy itself doesn’t yield direct information about Martian chemistry but does
provide important context clues such as grain size, shape and surface structure. The physical
attributes of the Phoenix chemical analysis instruments are summarized below in Table 2-2.
Table 2-2 Phoenix instrument attributes
Instrument Volume Mass Power Total samples
TEGA [40] 190x100x100mm 5.71 kg 10 – 78W 8
MECA [43] 350x250x150mm 10 kg 15 W 4
The primary results of the Mars Phoenix Lander reinforced the observations of the MER
missions by discovering yet more water ice on the surface and contributing more evidence
that liquid water did once flow on the Martian surface.
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2.1.2 Proposed Methods of Planetary Exploration
The review of Mars instruments would not be complete without a review of instruments that
are in advanced development.  Both ESA and NASA have rover prototypes and prototype
payload instruments that promise new information from the Martian surface.
2.1.2.1 Mars Science Lab (Curiosity)
The Mars Science Laboratory (MSL) has been named Curiosity and is NASA’s 3rd generation
rover for the Martian surface.  The Curiosity rover is truly a mobile science lab, packed with
11 experiments, more instruments than any previous rover and planned for launch in 2011.  It
is an 850kg behemoth with a footprint that is approximately 7 ft† x 9 ft with a 7 ft mast [44].
The ambition and complexity of the NASA Curiosity rover is shown in Figure 2.1.
Figure 2.1 NASA “Rover Family Portrait” [45]
The APXS earned another slot on the MSL and has improved sensitivity to give full chemical
analysis in ~3 hrs [45]. The Sample Analysis at Mars (SAM) is a 3-in-1 instrument that
† 1 foot = 0.3048 meters;  1 m = 3.28 ft
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contains a Gas Chromatograph (GC), Quadrupole Mass Spectrometer (QMS), and a Tunable
Laser Spectrometer (TLS).  All three instruments can accept solid samples as well as samples
from the atmosphere.  The TLS is targeted at H2O, CO2, and CH4 and provides unambiguous
detection as well as a measurement of the isotopic ratios in all three substances [46].  Another
major improvement for the solid sample analysis is the sampling method which uses quartz
cups that can be cleaned in the oven at 1000°C and re-used [45].
The CheMin instrument combines the qualitative X-ray fluorescence with quantitative X-ray
diffraction (XRD) data [47]. The XRD is a new technology for the Martian surface capable
of definitive mineralogical analysis by analyzing the angle and energy of X-rays diffracted by
the crystal structure of a mineral.  The crystal structure information from a mineral is required
for definitive analysis because a chemical composition can still be composed of different
minerals [48].  The crystal structure is critical to the understanding of how a mineral was
formed which is in turn critical to understanding the geologic record on Mars. The CheMin
instrument also has reusable cells that will theoretically offer unlimited sampling.  The cells
are vibrated at sonic frequencies during sampling to randomize crystal orientation of the
sample [47]. This same vibration function allows for cell cleaning and reusability, a new
sample is vibrated in the cell and dumped several times before a measurement is taken.
The final instrument capable of chemical analysis that is manifested on the Curiosity rover is
the ChemCam. The Laser Induced Breakdown Spectroscopy (LIBS) instrument proposed for
MSL is called the ChemCam which is mast mounted and capable of performing analysis from
a distance of 2-9m [49]. LIBS is a chemical analysis method that puts enough laser energy
into a substance to create a plasma spark and then measures the characteristic emission lines
of the atomic structure as the elements relax back to the ground state[50]. The LIBS
technique has the following advantages [51]:
 Rapid analysis in one laser pulse ~ns (several pulses usually averaged for statistics)
 Small analysis area (≤1mm diameter) allows sample homogeneity
 Simultaneous multi-element analysis
 Sensitive to all elements
 Low detection limits (a few ppm)
 Quantitative results
 Dust or weathered surface penetration
 Depth profiling of a surface by laser ablation
The stand-off capability has the additional benefit of eliminating rover drive time. Driving a
rover several meters for a contact analysis and then a 12 hour scan from the APXS was a
process that could take days with the Mars exploration rovers.  The ChemCam can provide
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similar results in one scan, which is about 6 minutes  after averaging several
measurements[52].
Not only does this capability yield faster results, it allows a first look at mineral composition
which allows informed decisions to be made about where to place contact instruments for
follow-up analysis.  In a blind field test using representative MSL instruments, the number
one lesson learned was the tactical importance of the ChemCam instrument [53].  The
ChemCam data was used in 97 of 107 decisional analyses (defined as analyses downlinked in
time for planning the next Martian day).
ChemCam also uses the telescopic optics to provide a remote micro imager capable of
80µrad resolution which will resolve 1mm features at a distance of 10m [53]. This micro
imaging capability allows the spectral results to be placed in their proper geologic context.
Due to the powerful laser source, the ChemCam can ablate dust at a rate of ~1mm/pulse and
it can drill into rocks with weathered surfaces at a rate of ~0.3µm/pulse [50].  The ability to
remove the ubiquitous Martian dust and provide a depth profile of Martian rocks should
provide valuable science data from the Martian surface.
Figure 2.2 ChemCam mast unit (left) and spectrometer units (right) [45]
The ChemCam flight hardware mast unit and spectrometer units are shown in Figure 2.2.
The ChemCam instrument comes in a 9kg package divided between the mast mounted 4-inch
telescope and the spectrometers which reside in the warm body of the Curiosity rover [52].  A
single analysis takes approximately 6 minutes and uses 1.6W·hrs of energy.  The components
of any LIBS instrument are in fact the same as the components of a Raman spectrometer
discussed in section 1.3:  the laser source, the collection optics, the spectrometer, and the
detector. However, the ChemCam is not capable of Raman analysis because the laser source
has a wavelength of 1064nm and therefore all Stokes shifted Raman scattered radiation will
be >1064nm.  The ChemCam detector is sensitive to the range of atomic emission only in the
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range 240-800nm [45]. Thus, while the ChemCam instrument is not capable of Raman
analysis, its mass and volume properties provide an excellent baseline for a Raman
spectrometer.
2.1.2.2 ExoMars
The ambitious ExoMars program proposed by the ESA was originally approved in 2008 and
proposed to fly in 2011, then 2013, then 2016, and now 2018 [54]. Although still very early
in the development process, a quick summary of the proposed Raman instrument is provided.
This 3rd generation Mars rover was originally packed with 11 instruments squeezed into 40kg
of science payload on a 240kg rover or about the same size and the MER[55-56].  The recent
reduction to 9 instruments shows that there is still a high level of development ongoing for
the 2018 ExoMars mission[57]. ExoMars will provide a very significant first capability on
the surface, the ability to drill to a depth of 2m and provide samples from under the Martian
surface.
Originally, a Raman/LIBS combined instrument was to be included on the ExoMars
instrument.  This instrument has been de-scoped and is now known as the Raman Laser
Spectrometer (RLS) and the instrument has no LIBS capability[18, 57-60].  The ExoMars
2018 mission is the first mature proposal for sending a Raman spectrometer to the Martian
surface. The Raman instrument as proposed for ExoMars is a contact instrument capable of
Raman microscopy on samples that are delivered to an internal test chamber. The
development of the instrument is extremely complicated with contributions from at least 10
different organizations in 4 different countries[60].
Due to the complex nature of the development and the 2018 launch date for the rover, the
RLS design is not yet published and therefore a detailed comparison is not possible at this
date‡.  The design of the spectrometer uses a transmission holographic grating to achieve a
very compact form[58]. Additionally, the ExoMars Raman instrument will exist internal to
the Rover and samples will be crushed and delivered via the robotic arm.  Preliminary design
figures indicate an optical volume of 130mm x 65mm with a weight of 100g for the optics
only, excluding mechanics[58]. The dynamic nature of the design prevents a direct
‡ As of September 8th, 2011, the ExoMars Raman Laser Spectrometer instrument design was still dynamic and
design details were not readily accessible.
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comparison of the proposed spatial heterodyne Raman spectrometer with the ExoMars
design.
This concludes the review of past and proposed chemical analysis instruments for Mars
exploration.  There are other instruments proposed for ExoMars but they are in a less
developed state and the general trend for planetary exploration surface instruments has been
established. Planetary exploration surface instruments are continuously improving, becoming
more compact, using less power and requiring less mass while providing more science data
and more sample opportunities plus maintaining extremely high levels of reliability.
2.1.3 Critical Analysis and Raman Benefits
This report proposes a Raman spectrometer will provide high quality data with high scientific
merit.  This section will review the strengths and weaknesses of the technique.
A primary benefit of Raman spectroscopy is the ability to collect spectra from anywhere that
is optically accessible to a robotic arm.  The samples can be examined in situ and do not need
to be collected, ground or delivered to an internal chamber.  One concession here is that the
ubiquitous Martian dust may need to be brushed off which can be done with an attachment on
the arm.  Also drilling through weathered surface layers would allow more information to be
collected and this would fit in well with the rock abrasion tool used on the arm of the
exploration rovers.
Another major reason Raman spectroscopy would contribute high value science data is the
quality of information revealed. The Raman spectral features are very sharp and peak
identification is relatively straight forward.  Other types of spectroscopic methods i.e. passive
visible, near-infrared, mid-infrared and even Mössbauer have a much higher percentage of
overlapping features between minerals that can lead to ambiguous results [5].  Raman
spectroscopy evaluates the chemical bond as well as the crystal structure if applicable by
analyzing the vibrational energy levels excited by the incident laser energy.
The technique is sensitive to both inorganic minerals and organic compounds, including the
all-important biomarkers that are theorized on Mars [19, 61-66]. Raman spectroscopy has
proved its usefulness in numerous field experiments searching for terrestrial extremophiles.
An extremophile is an organism that survives under environmentally stressed conditions.
Scientists have found life in the most inhospitable region of Earth, the Antarctic cap.  The site
has been labeled a Mars analog site for its similarity to Martian conditions, especially the lack
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of water, high ultraviolet (UV) exposure and extended exposure to extreme cold.  Raman
spectroscopy has been the tool of choice for discovery of these extremophiles and their
survival strategies. The survival techniques of these extremophiles produce characteristic
biomarkers, chemicals that would theoretically mark the presence of life.  Porphyrins,
carotenoids, aromatic hydrocarbons and organic acids are included in this list of
biomarkers[64]. The non-destructive nature of the technique allows preservation of the
sample and the capability to repeat measurements.  The resilience of life in these extreme
environments has given new hope to the possibility of finding evidence of similar life on
Mars [19].
The primary weakness of the technique lies in the weakness of the Raman scattering effect.
An instrument must be very sensitive to capture the Raman signal.  Advances in the quality
of the laser source, collection optics, gratings, and high sensitivity detectors make it possible
to overcome the weak Raman effect.  The quality of information received and the flexibility
of the technique are certainly worth the effort.
Any one scientific technique is generally not complete enough to identify all substances.
This work does not mean to suggest that Raman spectroscopy is the final answer in planetary
exploration but rather another technique that will yield complimentary information with
existing techniques.  One technique that is highly complimentary with Raman data is the
LIBS technique that is proposed for the MSL Curiosity rover[51].  The Raman technique is
sensitive to the molecular vibrations while the LIBS technique measures atomic emissions
after the molecular structure has been destroyed by the laser energy.
An example of the complimentary nature of the techniques is in the case of CaCO3. CaCO3
has 2 different mineral forms, meaning that the same chemical composition has a different
structure in the two different minerals.  The LIBS technique would identify the correct
chemical composition but only the Raman technique would be capable of identifying the
difference in mineral structure that is the key between the two mineral forms of CaCO3,
named calcite and aragonite [51].  The seemingly trivial difference between two minerals
with the same chemistry allows geologists to understand the environmental conditions that
formed the minerals and whether they were hot or cold, wet or dry, etc.  The reverse case can
also occur, where the LIBS would provide the definitive identification.  One example of this
is also in the carbonate family, (magnesite MgCO3, siderite FeCO3 rhodochrosite MnCO3,
etc) where many cation substitutions are possible.  The Raman technique performs well to
identify the anion (CO32-), but has a worse sensitivity to the cations where the LIBS technique
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gives unambiguous major element compositions [51].  The identification of mineral types is
critical in decoding the Martian geologic record.
An example of the importance of definitive mineral characterization is provided by the
Pathfinder rover landing site.  The APXS on the Sojourner rover characterized a section of
rock and found a chemical composition similar to a terrestrial rock called andesite [67].
Unfortunately andesite is a mixture of minerals and its chemical composition is not enough to
provide definitive identification. On Earth, andesite is formed in a subduction zone in the
ocean where one tectonic plate plunges beneath another.  It has a rich concentration of SiO2
and may contain quartz, Na-plagioclase, and amphibole, a possible water bearing silicate
mineral.  A finding of andesite would indicate a similar crustal activity due to the specific
temperature and pressure required for its formation.  This would also implicate an important
role of water on Mars.  However, without a specific signal from quartz or amphibole,
quantitative mineral concentrations, and minor mineral identification, the identification of the
rock at the Pathfinder site remains a mystery.  A Raman spectrometer can provide all of this
data and would allow definitive mineral characterization [67].
In summary the reasons to send a Raman spectrometer for Mars exploration are:
 No sample preparation or collection required
 Sensitive to inorganics and organics
 Rapid scan time
 Particularly sensitive to biomarkers
 Definitive mineral characterization
2.1.4 Raman Instrument Design Considerations
Physics dictate that the Raman scattering intensity returned from a sample is proportional to
three variables for a given instrument and a given sample as shown in Equation 2.1 [16].
4
2
engthLaserWavel
rizabilitySamplePolaLaserPowersityRamanInten  (2.1)
Thus there are two parameters that are under the control of the instrument designer and one
that is a molecular property of the sample.  The largest contributor is obviously the laser
wavelength, λ, because any change in the laser λ varies the Raman return signal by the 4th
power.  Theoretically then, UV lasers should be used in most Raman instruments. The lack
of efficient UV lasers, the complexity of UV optical lenses and the cost of UV optics have
hindered the development of UV Raman.
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Another consideration for these parameters is that Raman scattering is not the only physical
process that can occur after laser irradiation. Absorption by the sample at the laser
wavelength causes heating and leads to sample decomposition. Especially in a Raman
spectrometer designed for Mars where one of the primary interests is looking for signs of life
or past life, sample degradation is unacceptable.
The laser power has less influence on the Raman intensity as compared to the laser
wavelength but it is still a very important instrument design parameter [16].  The limit of
laser power depends heavily on the sample.  If the sample absorbs at the laser wavelength
used, then the power must be limited to avoid sample degradation.  In non-absorbing
samples, then high laser power can be used to increase the Raman signal intensity. When
designing a Raman spectrometer, the laser power must be carefully considered to prevent
sample breakdown while still providing enough radiation to the sample for a usable return
signal. Naturally these considerations depend heavily on the samples to be analyzed.
Intuitively, colored samples will generally absorb visible radiation while transparent samples
will not.
Another consideration when selecting a laser wavelength is sample fluorescence.
Fluorescence is caused when a material absorbs a photon and moves to an excited state, then
falls to an intermediate state by emitting a photon of lower energy.  This process happens on
the order of 10-7 seconds or longer, in some cases the transition can take minutes or hours and
is known as phosphorescence [12].  The difference between fluorescence and Raman scatter
is that in fluorescence the photon is absorbed and promotes the molecule to an excited state
while the Raman effect interaction with the photon is limited to a virtual state that has no
stability.  As a result, the Raman effect occurs almost instantaneously (<10-12sec), much
faster than fluorescence[68].  Unfortunately, because sample fluorescence radiates lower
energy photons, it will overlap with the Raman signal and can easily be powerful enough to
overwhelm the Raman signal and render a useless spectrum.
Most opaque solid samples will exhibit some degree of fluorescence.  As the incident laser
energy moves towards the ultraviolet or into the infrared, the likelihood of sample
fluorescence decreases. The effect that fluorescence can have on spectra is illustrated in
Figure 2.3. Notice that significantly more peaks become visible and therefore more
information is available with the longer wavelength excitation.
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Figure 2.3 Raman spectra of an Antarctic extremophilic epilithic lichen recorded with 3 different
excitation wavelengths. Image from Edwards and Hargreaves [19].
Figure 2.3 should not be construed to mean that shorter wavelengths always induce
fluorescence.  Often transparent samples won’t produce fluorescence at any wavelength.  In
addition when the excitation wavelength enters the UV, then fluorescence occurs at visible
wavelengths which are beyond the region of interest because the entire Raman shifted light
from 0-3600Δcm-1 will be collected in a bandwidth of just 35nm for an excitation wavelength
of 300nm.
Another strategy to avoid fluorescence takes advantage of the fast Raman process and
involves the use of a pulsed laser and a gated detector. The Raman scattering effect is a very
fast phenomenon occurring <<10-12 seconds[68].  Intensified CCDs can be synchronized with
a pulsed laser (a few ns pulse duration) to capture the Raman response before the fluorescent
radiation has escaped the sample. The University of Hawaii has demonstrated a laser with a
pulse repetition frequency of 20Hz and a pulsewidth of 5ns synchronized with an intensified
CCD greatly reduces the amount of fluorescence captured by the instrument [8, 69]. A
significant advantage of this gated strategy is the ability to collect spectra during daylight
without significant background interference[69].
2.1.4.1 Filtering the Laser Energy
One problem common to collecting any Raman spectrum is separating the exciting energy
from the Raman scattered light.  Because the Raman effect is so weak, failure to filter out the
laser source radiation would saturate the detector and prevent the collection of the weaker
Laser λ=633nm
Laser λ=785nm
Laser λ=1064nm
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Raman scattered wavelengths [16].  The remarkable advances in interference edge filter
technology have made this problem much easier to handle.  It is the designer’s choice to
balance the level of performance with the cost of the filter.  In most Raman instruments,
collecting the Raman scattered light starting at 200 Δcm-1 is acceptable [16].  Assuming a
laser wavelength of 532nm, a 200 Δcm-1 would correlate to an absolute wavelength of
537.7nm.
A survey of commercially available filters revealed several manufactures of edge filters
specifically for Raman spectroscopy.  The traditional performance parameter of a filter is
“transmission” and it describes the amount of throughput for a given wavelength as a
fraction, usually in percentage.  In a Raman instrument where 1% transmission would still
overwhelm the detector, the transmission specification becomes inadequate and suppliers use
the measure of “optical density” when specifying a throughput of less than 1% [70].  Optical
density is expressed as the negative log of transmission.
TOD 10log     or equivalently ODT  10 (2.2)
The convenience of this method is realized by noticing that 0.3 OD is equal to 50%
transmission and every 0.3 additional OD is another 3dB reduction in transmission.
Filter technology does not yet allow an instantaneous transition.  A long-pass filter which
“passes” the longer wavelengths, the specification of importance becomes the slope of the
cut-on curve.  The specification is know as the 5-decade slope factor, χ5 defined by equation
2.3 [71]:
%100
3.0
53.0
5 

OD
ODOD

 (2.3)
Where λOD0.3 and λOD5 are the wavelengths of optical densities 0.3 and 5 respectively.  An χ5
of 1.2% has been achieved by Kaiser Optical Systems which allows signal collection just 70
Δcm-1 away from the laser radiation [72].  An Iridian Spectral Technologies edge pass filter
for a 532nm laser was specified at OD>6 at the laser line and OD 0.3 at 534.3 nm and a
specified transmittance of >90% above 538.4 nm which is equivalent to a 223Δcm-1.  The
transmittance at the laser line width of optical density 6 or less than 0.000001 is low enough
to avoid sensor saturation.  This performance is available as a standard product with 1-inch
diameter for a cost of $680 US from Iridian Spectral Technologies[73].  If a lower cost is
required it may be feasible to use a cheaper filter with a cut-on near 400 Δcm-1 and still
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demonstrate the desired proof of concept.  A typical filter response for a Raman edge filter of
a laser line at 633nm is shown below in Figure 2.4.
Figure 2.4 Raman edge filter response [74]
2.1.4.2 Fluorescence
The resource limitations preclude the purchase of a demonstration setup that combines a
pulsed laser and gated CCD detector.  The pulsed laser and gated detector combination is a
recognized way to minimize the fluorescence captured by the CCD due to the time difference
between the near instantaneous Raman scattering (<10-12sec) and much longer lifetime
fluorescence (>10-8sec)[68].  In terms of SNR, fluorescence degrades the SNR by adding
background noise to the experiment.  The Sharma group in Hawaii has demonstrated that the
pulsed laser and gated CCD setup is effective at removing not only background fluorescence
but also any ambient light under daylight conditions[69].
2.2 Implementation
The spectrometer is the heart of any Raman system.  The term spectrometer refers to any
instrument that separates the wavelengths of the electromagnetic spectrum. Raman systems
benefit from the advances in the general field of spectroscopy.  There are three generic types
of spectrometer:  filter based, grating based dispersive, and Fourier-transform (FT). Filter
based systems have a very broad bandwidth, poor resolution, are not well-suited for Raman
spectroscopy and will not be discussed further. Both dispersive and FT based Raman
instruments are common in today’s market place.
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The dispersive system uses a diffraction grating or prism to optically disperse the incoming
light. Dispersive systems can be further divided between dispersive monochromators and
dispersive spectrographs.  The first Raman instruments used monochromators with two
narrow slits and a rotating dispersive element in between as shown in Figure 2.5. An
advantage of the monochromator with respect to Raman measurements is that it allows
measurements very close to the laser wavelength[16].  In many older instrument designs, two
or three monochromators were used to filter the laser energy resulting in a very large and
complex instrument.
Figure 2.5 Monochromator vs Spectrograph Layout
An advantage of the dispersive spectrograph over the monochromator is that it allows for a
very compact design with no moving parts, which is especially advantageous for space
applications. The advances in holographic gratings and improved sensitivity of detectors
have yielded impressive benefits in the performance of Raman spectrograph systems.  The
spectrograph is the design which competes most directly with the spatial heterodyne
spectroscopy technique.  For clarity, the term “dispersive spectrograph” is used to identify
this design method with an input slit and an array detector.
The final type of spectrometer is a Fourier-transform spectrometer.  The classical FT
spectrometer generates an “interferogram” by recording the average intensity of light
combined from one stationary path and one moving path.
The standard setup for generating an interferogram is a Michelson interferometer which is
diagrammed in Figure 2.6.
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Figure 2.6 Michelson Interferometer
The recovery of the spectrum from an interference spectrometer is not as intuitive as a
dispersive system so the theory will be reviewed here about how the spectrum is recovered.
As the mirror is moved, the moveable path length changes and interferes with light from the
stationary path.  The interferogram is recorded as a function of the position of the moveable
mirror and then Fourier-transformed to obtain the spectrum.
To explain the basic principles of FT spectroscopy it is easiest to first consider the
propagation of monochromatic light through the device. The mathematical expression for the
intensity distribution produced by the interference of two coherent plane wavefronts is given
by Equation 2.4 [21]:
   12212121 cos2   IIIII (2.4)
I and  are the intensity and phase of the two waves, respectively.  This equation can be
rearranged and shown as a function of δ, the relative difference in phase between the two
waves ( [21]:
 








 cos
21
21
2121
21 II
IIIII (2.5)
Now considering the Michelson instrument, the phase difference must be related to the
position of the mirror.  The optical path difference (OPD) is always twice the distance x that
the mirror has moved or OPD=2x.  Again considering monochromatic light, constructive
interference will occur at every integer multiple of a wavelength, mathematically when
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OPD=nλ.  Using these two relationships, the relative phase difference is stated in equation
2.6 [21]:



xOPD 42  (2.6)
In an ideal beam splitter, transmittance equals reflectance which equals 50% of the incident
light.  Assuming an ideal beam splitter is used, the intensities of each path in the
interferometer are equal.  Only 50% of the light which enters the detector actually reaches the
detector, the other 50% of the light is reflected back to the source. Also, with an ideal beam
splitter, I1=I2 and Equation 2.5 combined with 2.6 reduces to:
  

 

 
xIxI s 4cos15.0 (2.7)
The constant portion of the interferogram is not of interest, so it is subtracted leaving only the
alternating term:
  

 
xIxI sac 4cos5.0 (2.8)
To extend this analysis to the polychromatic case, we start with the knowledge that any
broadband radiation can be represented as a sum of sinusoidal waves. A polychromatic
source can be envisioned as a sum of monochromatic sources.  This is a particularly good
analogy in the case of Raman spectroscopy where a characteristic spectrum has several sharp
distinct peaks.  Thus the interferogram for a polychromatic source is given by:
     xCxI ac 4cosmax
min





 (2.9)
Where C(σ) is the intensity of the broadband radiation at each particular wavenumber and σ is
the wavenumber σ = 1/λ as previously defined.
With the makeup of the interferogram established, we can now reverse this relationship to
reveal the spectral information.
     dxxxIC  4cos  (2.10)
Equation 2.10 is recognized as the cosine Fourier transform. In practice the cosine Fourier
transform is not normally accurate enough to recover the true spectrum.  Because no
instrument is truly ideal due to misalignments and imperfect optics, interferograms may
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contain phase errors that cause them to be asymmetrical.  The asymmetry requires that the
complex Fourier transform be used to include sine components to account for the phase
errors[21].  Thus:
     dxxixIC   4exp  (2.11)
if ω=4πσx then
   sincosexp ii  (2.12)
This is the essence of FT spectroscopy, recovering spectral information by measuring the
intensity profile of a source.
2.2.1 Dispersive Versus Interference Based Spectroscopy
Both dispersive and interference spectroscopy have inherent advantages so the debate about
which method should be used will naturally come back to the application.  The primary
advantages and disadvantages of each instrument are listed in Table 2-3.
Table 2-3 Classical advantages and disadvantages of dispersive vs FT spectroscopy
Dispersive Spectroscopy FT Spectroscopy
Advantages Disadvantages Advantages Disadvantages
No moving parts Low sensitivity Higher throughput Complex design
Compact design Slit-limited
resolution
High resolution Long scan time
CCD detector Single Detector
The higher throughput advantage of FT spectroscopy is also known as the Jaquinot
advantage[21].  Throughput is defined as the area of limiting aperture multiplied by the solid
angle of the collecting or collimating optics.  In a dispersive instrument the limiting aperture
is a narrow slit, in an FT instrument the limiting aperture is a circular iris.  According to
Saptari, the throughput advantage for an FT instrument of similar resolving power and size
instruments can be over 60 times the throughput of the dispersive instrument[21]. The low
radiance of the Raman effect requires achieving maximum throughput to capture as much
light as possible.
The complex design of the FT instrument refers primarily to the moving mirror and
alignment sensitivity of the mirrors. The IR portion of the spectrum is the most popular
region for FT spectrometry, FT Raman devices operate in the infrared almost universally. A
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primary reason why FT works well in the infrared is the longer wavelength, the required
control of the moveable mirror is much less stringent than for the shorter UV and visible
wavelengths.  Despite the complex design and stringent requirements on FT instruments, they
are in production and they do produce outstanding results.  FT instruments today are
produced with a position knowledge accuracy of ±0.2nm [75].
The long scan time disadvantage of an FT instrument refers to the requirement of the
instrument to move the mirror through its full scan range to collect a spectrum.  The
dispersive instrument collects the entire spectrum instantaneously.
From a planetary exploration perspective, the largest disadvantage to the FT instrument
would be the moving parts.  The harsh vibration environment of launch and re-entry requires
a simple system.
2.2.2 Spatial Heterodyne Spectroscopy (SHS)
An interesting variation on the classical Michelson instrument that eliminates the moving
parts has been developed by Dr John Harlander at St Cloud State University, MI. The Spatial
Heterodyne Spectrometer is based on a Michelson arrangement where the mirrors in each
arm are replaced by reflective gratings and the single detector is replaced with a CCD [76].
The result is an instrument with many of the advantages of FT instruments but a simpler
design that requires no moving parts. The spatial heterodyne spectrometer is attractive as a
technique for Raman spectroscopy because of three primary advantages:
 High throughput
 No moving parts
 Compact size
The history of SHS started in 1958 when Pierre Connes developed a similar concept called
the SISAM.  In contrast to SHS, the SISAM developed by Connes used only a single detector
which was scanned to record the spectrum [77].  Dohi and Suzuki created an instrument very
similar to the SHS using a photographic plate instead of a CCD detector in 1971 [78].  The
advent of the CCD encouraged a rediscovery of the SHS technique and further enhancements
of the SHS technique.
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The basic setup of a SHS is shown in Figure 2.7.
Figure 2.7 Spatial Heterodyne Spectrometer
In the SHS the reflective gratings return coherent wavefronts that recombine at the detector to
produce a Fizeau fringe pattern on the detector [76].  The Fizeau pattern is then Fourier
transformed to recover the spectrum.
The Fizeau fringes are a result of the grating equation, Equation 2.13 [79]:
  sinsin  dm (2.13)
Where m is the order of diffraction, λ is the wavelength of light, d is the groove spacing of the
grating, and α and β are the angles of the incident and diffracted light respectively.  A
graphical depiction of the angles and groove spacing is show in Figure 2.8.
Figure 2.8 Graphical depiction of the variables in the grating equation [79]
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Before going further, it is helpful to define the Littrow condition.  The Littrow angle of the
gratings is critical to the design of an SHS.  The Littrow condition occurs for a given
wavelength of light when the incident angle α is equal to the diffracted angle β. The incident
and diffracted angles are measured as angles from the grating normal.  The Littrow angle is
solved by setting α=β in equation 2.13 and solving for a given or desired wavelength
according to equation 2.14.
d
m
2sin
  (2.14)
θ is the Littrow angle.  The Littrow condition was calculated for a wavelength of 500nm and
a grating of 300 lines/mm to be 4.3° in the first order of diffraction.  The angle of diffraction
for wavelengths of 400nm and 600nm are calculated to be 2.6° and 6.0° for the same 4.3°
angle of incidence. These relationships are sketched in Figure 2.9. For further illustration,
the Littrow angles for the same 300lines/mm grating are calculated for 400nm and 600nm to
be 3.4° and 5.2° respectively.  This relationship is also sketched in Figure 2.9.
Figure 2.9 Littrow condition examples
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Harlander rearranges the grating equation to a more convenient form for an SHS [76]:
  Gd  sinsin (2.15)
Where σ=1/λ is the wavenumber of light, θ is the Littrow angle, m is the order of diffraction,
and G=1/d is the grating groove density (lines/mm). The angle γ is the angle at which the
two coherent plane waves (from each arm of the interferometer) are inclined to the optical
axis.  One arm is inclined at +γ and one arm is inclined at –γ for a given wavenumber of light
which then produces the Fizeau fringes at the output [76].
The spatial frequency fx of the crossed wavefronts is given by equation 2.16:
   tan4sin2 0xf (2.16)
Equation 2.16 is derived from equation 2.15 for small γ where σ0 is the Littrow wavenumber
(γ=0)[76]. A qualitative description of the SHS comes from the effects of the (σ-σ0) term in
equation 2.16:  all frequencies (σ) are mixed with the Littrow frequency (σ0) of the gratings.
Heterodyne is the term used for frequency mixing and this explains the title of the technique
spatial heterodyne spectroscopy. The intensity is recorded as a function of position and
produces an interferogram according to the equation:
          0 0 tan42cos1  dxBxI (2.17)
Where B(σ) is the input spectral density and x is measured on the detector in the dispersion
plane of the gratings.  The final spectrum is then recovered by taking the Fourier transform of
I(x).
The primary performance advantages of the SHS compared to a dispersive spectrograph are
increased throughput and compact design.  Although it rarely happens for a dispersive
spectrograph, the SHS design operates at the theoretical resolving power of the gratings.  To
actually achieve the theoretical resolving power of a grating in a dispersive instrument
involves two drawbacks, an infinitely narrow slit and a long focal length.  The long focal
length can be folded using mirrors but this complicates the alignment and thermal stability of
the instrument.  A slit sufficiently narrow to allow operating at the resolving power of the
grating implies an instrument with a greatly reduced throughput.
The SHS technique is truly unmatched by any other technique when looking at extended
sources because the instrument can be field widened by inserting prisms in each arm of the
interferometer.  Up to 4 orders of magnitude gain in throughput are easily managed by the
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SHS technique on a field widened instrument with a diffuse source[76].  These gains in
throughput make the technique the leader in performance in both emission and absorption
spectra for diffuse sources.  However, in the case of Raman spectroscopy the laser spot is the
source and field widening the instrument does not provide any advantages.  This line of
research is unique amongst previous proposals using SHS because it does not benefit from
the field widening and therefore the technique competes more directly with traditional
dispersive instruments.
The photon noise limit describes the case in spectroscopy where the quantized nature of light
and the Poisson distribution of photons is the primary source of noise.  Other possible limits
of a measurement are determined by detector electronics—primarily dark noise and read
noise.  The photon limit is the best case scenario and this is where a Raman spectrometer is
expected to operate. The primary drawback of the SHS design in a photon noise limited
measurement is multiplex noise. Multiplex noise refers to the effect of FT processing in
which every spectral element integrates noise from all other elements [80].  The sharp distinct
peaks of a Raman spectrum help mitigate the effects of the Fourier processing of the noise as
compared to a broadband signal. As an example of SHS throughput advantage compared to
the multiplex disadvantage, assume an SHS achieves a throughput gain over a dispersive
spectrometer of 50 times, and the average Raman spectrum has 20 peaks or spectral elements.
If all else is equal, the SNR compared to the dispersive system is then 2050  which is still
an order of magnitude improvement over a dispersive system. This discussion will be
examined in detail in the next section.
2.2.3 SNR Comparison for Dispersive Versus SHS
Any debate about the best spectrometer method will rest on the specifics of the application
and how those leverage the advantages of the method.  The important spectrometer
specifications are the signal-to-noise ratio (SNR), resolution and bandwidth. This section
will look at the equations governing each type of instrument and compare the instruments in
the light of this Raman application.  Specifically the SHS technique will be compared to the
dispersive spectrograph where a single entrance slit is combined with a CCD detector to yield
a compact instrument.  The dispersive spectrograph is the leading design choice for proposed
space exploration instruments due its compact nature and high performance.
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The analysis by Thorne has already analyzed the case for the classical Michelson FT
instrument compared to a Czerny-Turner monochromator[81-82].  Her analysis is
summarized here and will then be adapted for a comparison of dispersive spectrograph and
SHS designs. The Thorne analysis of SNR applies directly.  The equations are developed
using a maximum of parameters that are common to the Raman scenario and assuming a
similar performance level for each instrument. For both cases, N spectral elements are
measured across the bandwidth Δλ which leads to the classical definition of resolution δλ=
Δλ/N.  The signal falling on the detector depends on three more parameters: the radiance of
the source represented by  (photons/(s1·m2·sr1·nm)), the wavelength band (δλ for the
spectrograph versus Δλ for the interferometer) and the throughput of the instrument.  The
throughput is defined as the product of the solid angle (A/f2) subtended by the area of the
grating at the entrance aperture and the area of the entrance aperture, f is the focal length of
the instrument.
The grating instrument is assumed to be slit width resolution limited, δλ=wD where w is the
slit width and D is the reciprocal dispersion of the grating. A spectrograph with Littrow
mounting at angle θ allows the approximation D≈λ/f and for a slit height h, the slit area is
ag=hw=hf(δλ/λ). The subscript g denotes the grating instrument. With a total scan time T the
number of photons recorded at each resolution element then gives the equation for the signal
from a dispersive grating instrument:

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The factor τg is included to account for the transmission of the grating instrument.  In the
photon limited case, the SNR of the spectrum is simply the square root of equation 2.18.
The throughput of the interferometer instrument is a function of the circular aperture.  The
radius of the aperture is limited by the resolving power of the instrument to    /2fr 
to give the area of the aperture, ai=2πf2(δλ/λ). The subscript i denotes the interferometric
instrument. Therefore the interferometer equation for signal collected on the detector is:









 
 N
TAN
T
f
AaS iiiiii 22 (2.19)
Once again, in the photon limited case, the square root of Equation 2.19 will yield the SNR in
the interferogram.  However, 2.19 represents the interferogram and it is the SNR in the
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spectrum that is desired for comparison.  Because every resolution element in the
interferometer is looking at every spectral element, the noise from every spectral element is
distributed throughout the spectrum.  This causes a severe degradation in SNR for absorption
spectra according to Equation 2.20.
N
SNRSNRspectrum int (2.20)
This relationship for quasi-continuous spectra allows combining Equations 2.18 and 2.19 into
the same form by substituting N=Δλ/ δλ.

 
TASNR 2/3 (2.21)
In Equation 2.21, β is the factor 2π for the interferometer and h/f for the spectrograph.  In
today’s spectrograph instruments the h/f is usually not more than 0.05[21].  This factor
represents the throughput advantage of the interferometer ~120, however the area of the
grating instrument at medium resolution is likely larger than the area of the beam splitter and
the beam splitter places an upper limit on the transmission of an interferometer of 50%.
According to Equation 2.21, the SNR gain by the interferometer is approximately the square
root of the inherent throughput advantage.
Comparing a spectrograph and an SHS instrument in a Raman application, there are two
important modifications to the above equations.  The spectrograph will enjoy the advantage
that all resolution elements simultaneously detect n spectral elements and this improves the
SNR by a factor of n [82]. Due to the array detector in the SHS technique and the fact that
no scanning is required, the SHS instrument also enjoys this advantage with the exception
that the improvement goes to the SNR of the interferogram.
The next important consideration for comparing an SHS instrument to a spectrograph in a
Raman application stems from the nature of the Raman spectra.  Equation 2.21 is based on
the quasi-continuous absorption spectra.  The Fourier transform effects on the Raman spectra
will not be as severe because they are more representative of emission spectra and do not
represent a quasi-continuum.  In the case of emission spectra, Equation 2.21 represents only
the mean SNR in the spectrum and the SNR of a local peak can be many times higher than
the mean.  The relationship is expressed by Equation 2.22:
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  dpm 1 (2.22)
Therefore the local SNR value in an SHS emission spectrum is obtained by multiplying the
average SNR value by the ratio of the peak value to the mean value (p/m).  Equation 2.23 is
an attempt at a summary equation for the SNR of both instruments[82]:
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The term in square brackets is only for the SHS emission spectrometer while the equation
without this term holds for a dispersive spectrograph.  This square bracket term provides
large gains for strong emission lines but also loses for weak lines. It is accurate to say that
the noise in the FT derived spectrum is proportional to the average signal in the
interferogram. In an interferometer, the noise from every peak in the spectrum is distributed
throughout the spectrum.  In a dispersive spectrograph the noise from any given peak is
localized near the spectral peak only.
For the intended Raman application, the SHS has an SNR advantage from equation 2.23.  The
assumption that the emission spectra is made of the sharp, separate peaks which are
characteristic of a Raman spectra is fundamental to the application. This comparison will be
revisited with a more quantitative approach in the discussion in Chapter 5 using the design
parameters of a flight-like Raman SHS and a spectrograph of similar performance.
2.2.4 Recent SHS Developments
The SHS technique has the capability of providing very high resolution spectra in a very
compact package.  The SHIMMER (Spatial Heterodyne Imager for Mesospheric Radicals)
instrument was the first SHS flown in space, it was tested as a middeck experiment on STS-
112 in October 2002 [83].  After the successful shuttle mission, the SHIMMER instrument
was further developed as the primary payload on STPSat-1 which was launched in March
2007 [84]. The SHS portion of the SHIMMER instrument is an impressive instrument and is
representative of the capabilities of the SHS technique.  Of primary interest for spaceflight,
the spectrometer was designed for monolithic construction which eliminates alignment
concerns throughout the mission.  A picture of the spectrometer portion of the SHIMMER
instrument is shown in Figure 2.10.
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Figure 2.10 Monolithic SHS on STPSat-1
As can be seen from Figure 2.10, the monolithic SHS can be produced in an extremely
compact package, the face of the central hexagonal structure measures just 20mm x 20mm
[84].  The spectrometer that flew on the shuttle mission had a band pass from 307-310.5nm
and a resolution of 0.0058nm [85].  While these are impressive performance figures, a Raman
spectrograph will require a larger bandwidth, approximately 130nm in the case of 532nm
excitation, see Table 1-1. This trade is accomplished in the SHS instrument by using gratings
of lower groove density and imaging a smaller section of the grating.  This decreases the
resolving power of the instrument and increases the bandwidth.  The bandwidth and
resolution of an SHS are limited by the number of pixels on the detector.
A large increase in bandwidth is attainable by using the pixels in both dimensions of the
detector.  Known as the 2-D SHS technique, this is possible by introducing a cross tilt in the
gratings in the pitch direction.  Recently Lawler has demonstrated the 2-D SHS technique for
ground-based astronomy [86].  This broadband SHS spans a bandwidth from 200nm –
1100nm with a resolution of 0.01nm. This is extremely impressive performance. However,
this instrument is actually extremely large because it must image a very large grating and it
operates in multiple diffraction orders using echelle gratings.  The inefficiency of these
gratings requires long integration times, field widening prisms and a large diameter
collimated beam on the order of 1m.  These considerations eliminate the viability of the 2-D
SHS concept for a planetary exploration Raman instrument.
2.3 Raman Instruments
The variety and capability of available Raman instruments has grown tremendously in the
past decade.  This section will outline the major differences with an emphasis on performance
characteristics.  The primary performance characteristics of interest are the spectral range
collected and the spectral resolution achieved.  The spectral range collected is measured from
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the laser source wavelength in wavenumber shift (Δcm-1) while the spectral resolution is
measured in wavenumbers (cm-1).
2.3.1 Performance Requirements
Before examining the variety of Raman instruments, the performance requirements of a
planetary exploration Raman spectrometer are established here for comparison.  The
reasonable science objectives for a planetary exploration Raman spectrometer are a spectral
resolution of 2-4cm-1 and a spectral range of 200-3500Δcm-1 [19, 87].  These requirements
come from Howell G.M. Edwards who literally wrote the book on Raman spectroscopy, the
author of the Handbook of Raman Spectroscopy.  Edwards has also written a book chapter on
the use of Raman spectroscopy as a tool for exploring the Martian surface and specifically
identifies these requirements for a surface instrument[19].  These requirements were
developed from the perspective of the user-scientist with regard to what is necessary to
achieve sample identification of unknown samples.
2.3.2 Commercial Raman Instruments
The big names in Raman spectroscopy instrumentation are Bruker Optics, Horriba Scientific,
Jasco Inc., Kaiser Optical Systems, Perkin Elmer, Raman Systems, Thermo Scientific, and
recently Delta Nu.  Each of these companies makes several different instruments tailored to
specific applications. These are the instruments which scientists use in their laboratories and
they are the instruments against which the science quality of planetary exploration
instruments will be judged.
The highest performing commercial instruments have sub-wavenumber spectral accuracy of
0.5cm-1.  The spectral range can extend from as low as 10Δcm-1 above the laser line out to
10,000Δcm-1 above the laser line although most Raman spectra do not contain any extra
information above 4000Δcm-1. Most laboratory instruments sit on a dedicated lab table and
have a mass in the neighborhood of a hundred kilograms. These commercial laboratory
instruments have the luxury of being earth bound and stationary and they show it in their size.
These machines are a stark contrast to the requirements of a planetary surface instrument.
There are several companies that make field portable instruments. The Delta Nu company
makes the smallest and the widest variety of field portable Raman spectrometers.  The
ReportR and RockHound products from Delta Nu are shown in Figure 2.11.
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Figure 2.11 ReportR and RockHound products from Invatec Delta Nu [88]
The ReportR is a law enforcement tool used to identify elicit drugs and the RockHound is
specifically designed for use in field geology.  The technical specifications of the two
products are presented in Table 2-4.
Table 2-4 ReportR and RockHound technical specifications[88]
Specification ReportR RockHound
Spectral Range 300cm-1 – 2400cm-1 200cm-1 – 2000cm-1
Spectral Resolution 10 – 12cm-1 8cm-1
Laser Excitation 785nm 785nm, 120mW
Mass 312g <2.25kg
Size 13.5cm × 6.5cm × 4cm Handheld
These field portable, rugged products beg the question: Can these commercial instruments be
sent to Mars?  The answer lies in the performance.  These instruments do not meet the
science requirements of a planetary exploration mission.  At a minimum, improving the
resolution and the bandwidth by a factor of two requires a sensor that has four times as many
pixels.  Additionally, the focal length of the optics must grow to achieve the gain in
performance. The result is that the same dispersive design architectures used in these
instruments grow to laboratory size instruments when high performance is required.
2.3.3 Research Raman Instruments
In the past decade, several research groups have begun experimenting with remote Raman
instruments. The first long range Raman instrument was created at Lawrence Livermore
National Lab by Angel in 1992 [89].  Raman spectra were measured on various chemicals at
a distance of 20m using 488nm and 809nm diode lasers and a 40mm diameter collection
optic with a resolution of 10Δcm-1. These results were built upon in 2000 at the Brookhaven
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National Lab where a UV instrument operating with a 266nm laser was assembled to
remotely identify chemical spills [90].  The Brookhaven instrument achieved a resolution of
11cm-1 and a range of 500-2750Δcm-1.
In 1998 a research group at the University of Hawaii began experimenting with remote
Raman spectroscopy for planetary exploration. Lucey and Sharma took the first remote
Raman spectra of common minerals, proving the concept of remote Raman for planetary
exploration [91].  The Sharma group also demonstrated fluorescence rejection using a pulsed
532nm laser and a gated CCD detector during daytime operations at 50m [69].  The latest
instrument design from the Sharma group uses an 85mm camera lens as a collection optic to
achieve spectra from 9m distance [92].
Rull at the Universidad de Valladolid has also built a remote Raman instrument which was
used in the field at the Mars analogue site in Rio Tinto Spain from 5-25m [93]. The ExoMars
2018 mission is incorporating a Raman instrument which proposes to achieve 6cm-1
resolution for the range below 2000cm-1 and relaxed resolution requirements from 2000-4000
Δcm-1[18].
2.3.4 Recent Research Developments
In July 2011, Gomer et. al. published a paper outlining the proof of concept for a spatial
heterodyne Raman spectrometer to be operated at a stand-off distance of several meters[94].
The Gomer research and the presented research were developed completely independently.
The thorough treatment given in this thesis presents several novel aspects of the design that
were not covered in the Gomer publication. Specifically the Gomer publication omitted
system sensitivity and throughput analysis which will be discussed in this thesis.
Additionally, this thesis reaches different conclusions when compared to the Gomer analysis
on two specific points. The first point is that the remote operation of a spatial heterodyne
spectrometer in daylight conditions is extremely unlikely.  The analysis supporting this claim
will be discussed in Section 3.2.3. The second point is that Raman spectroscopy using
available filter technology cannot operate below 400Δcm-1 using deep ultraviolet excitation
and therefore sacrifices valuable information from the sample. The analysis supporting this
claim will be discussed in Section 5.2.
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2.4 Chapter Discussion
This chapter has presented a review of Mars exploration instruments for chemical analysis
and established the trend toward smaller and more compact design.  The benefits of Raman
spectroscopy are discussed and the ability to complete accomplish definitive mineral
characterization will be a highly advantageous and enabling capability to have in the
exploration of the Martian surface.  Finally, commercial and research Raman instruments
were reviewed to set performance expectations for a flight remote Raman instrument.  In
conclusion, the required performance for the enabling capability of a Raman spectrometer is a
spectral resolution of 4cm-1 across a bandwidth of 200-3600 Δcm-1.
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Chapter 3 Materials and Methods
This chapter will layout the primary characteristics for the breadboard Spatial HEterodyne
RAman instrument (SHERA).  The predicted performance is calculated to show the
theoretical radiometric level of performance possible and the expected performance of the
SHERA breadboard as designed.  This radiometric analysis is then extended to the expected
signal to noise ratio in the interferogram as well as the final spectrum. The methods for
gathering control data and calibration procedures are also reviewed.
The key design parameters to keep in mind throughout this thesis are the bandwidth and the
resolution.  The bandwidth of 50-3500Δcm-1 has been stated as the range required to capture
the important vibrational information[19].  However, the limit of filter technology will drive
the low end of the bandwidth for the class of instrument currently under consideration and
typical performance long pass edge filters transmit 90% around 200Δcm-1.  The utility of the
planetary exploration instrument is enhanced by extending the upper bound of the bandwidth
to ensure coverage of the water bands in hydrated minerals which can be found near
3500Δcm-1 so the design range is extended to 3600Δcm-1[95].  The resolution requirement
across this bandwidth is 2-4cm-1[19]. Thus the threshold resolution requirement is 4cm-1 and
the objective requirement is 2cm-1.
Table 3-1 Flight instrument key design parameters
Parameter Requirement
Bandwidth 200Δcm-1 – 3600Δcm-1
or
18596cm-1 – 15200cm-1
or
537nm – 660nm
Resolution <4 cm-1
or
<0.11nm @ 534nm
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3.1 Initial Design Choices
3.1.1 The Detector
Because of limited resources it was decided to build the demonstration instrument around the
Prosilica EC1380 that was available in the laboratory. The Prosilica EC1380 incorporates a
research grade Sony ICX285 CCD.  The spectral response of the detector is presented below
in Figure 3.1.
Figure 3.1 Spectral Response Curve for Sony ICX285 CCD [96]
The Sony ICX285 is a 2/3” format sensor that consists of 1360 x 1024 pixels with a 6.45 µm
pitch[96].  The quantum efficiency of the detector is conservatively estimated at 0.6 and the
read noise at 8 electrons/pixel.  The value of the dark noise of the detector is not published by
Sony but characterized as “very low” by several manufacturers and is conservatively
estimated to be 3.2 electrons/second/pixel when operated at room temperature.  This is
consistent with the technology and size of this detector. A significant constraint of using this
camera is the maximum integration time of 10 seconds.
3.1.2 Laser Wavelength
In order to operate at the peak response of the detector, the laser excitation wavelength
chosen for the experiment is 532nm.  This wavelength is generated by frequency doubling a
diode pumped, neodymium doped, yttrium aluminum garnet crystal (Nd:YAG). The
Nd:YAG laser is an all solid state laser that has the advantages of a compact setup, long
lifetime, and very good beam quality[97]. Given a 532nm excitation wavelength, the full
Raman shift of interest (3600Δcm-1) occurs between 532-676nm. Operating in the visible
spectrum between 532nm and a maximum of 676nm is convenient because it means all the
optics and the detector will operate in the visible region which is generally cheaper and
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simpler than working in ultraviolet (UV) or infrared (IR). The entire operational region from
532-676nm is in the highest performing region of the detector, above 85% of the maximum
response of the detector.
The laser was supplied by Sciteq and manufactured by Shanghai dream lasers. Model
number SDL-532-250T has a continuous wave output power of 291mW with a beam
diameter of 1.2mm and a beam divergence of 1.2mrad.
3.1.3 Collecting Optics
The needs of the demonstration were best served by keeping the collection optics as simple as
possible. The collecting optic for the SHERA breadboard instrument was a single plano-
convex lens from Edmund optics with a focal length of 88.9mm. This lens collimates the
Raman shifted radiation from the sample.
The other critical element of the collecting optics is the Raman edge filter that blocks the
Rayleigh scattered laser radiation.  The laser signal can be 108 more powerful than the Raman
signal, and filters capable of performing to this extreme level have only recently become
available.  An edge filter from Iridian Spectral Technologies was chosen.  The 532nm Ultra-
steep Long Pass Filter is specified to an optical density >6 at the laser line and 90%
transmission from 535.4-1200nm[74].  The typical performance graph is shown below in
Figure 3.2. This filter technology developed over the past decade has enabled the
development of field portable Raman spectrometers and designs that do not require a
cumbersome double monochromator.
Figure 3.2 Iridian 532 Ultra-Steep LPF [74]
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3.1.4 Spectrometer and Exit Optics
The spectrometer used the SHS technique and was assembled in house. The interferometer
consisted of a beam splitter, 2 identical reflective gratings, and the exit optics which imaged
the gratings onto the detector. Table 3-2 shows the selected components and their relevant
parameters.
Table 3-2 Spectrometer breadboard components and specifications
Component Manufacturer Specifications
Nonpolarizing
Beam Splitter
Light Machinery Size: 25.4mm x 25.4mm x 25.4mm
Angle Tolerance: < 1arc minute
Material: Fused Silica
Diffraction
Gratings
Newport
Corporation
Size: 25mm x 25mm x 6mm
Groove Density: 150 lines/mm
Blaze: 500nm
Exit Optics Linos Magnification: 1x
f-number (f/#): 4
Working Distance: 90mm
Back Focal Length: 88.3mm
The resolving power is the performance metric of spectrometers, both dispersive and
interferometric, that allows comparison of performance across wavelengths.  The resolving
power is defined as the wavelength of interest divided by the smallest difference in
wavelength that can be resolved[21, 98].  Mathematically it can be equivalently stated using
wavenumbers and both versions are shown in equation 3.1:




 orR (3.1)
Where λ is the wavelength of interest, Δλ is the smallest resolvable difference in wavelength,
σ is the wavenumber of interest and Δσ is the smallest resolvable wavenumber increment.
Typically resolving power of a few hundred is considered low resolving power, a few
thousand is considered medium resolving power and tens of thousands is considered high
resolving power[99].
The resolving power of a spatial heterodyne spectrometer is determined by the dispersive
power of the gratings and it has been shown that the SHS operates at the theoretical power of
the gratings.  The resolving power of the interferometer is predicted according to equation
3.2[76].
 sin4WR  (3.2)
 Chapter 3. Materials and Methods
59
Where W is the width of the gratings that is imaged, σ is the input wavenumber, and θ is the
Littrow angle of the gratings.
The 1x magnification lens for the SHERA breadboard dictates that the width of the gratings
imaged will be the same as the width of the detector.  The detector dimensions for the 2/3”
format sensor are 8.8mm x 6.6mm. To achieve the highest resolution, the camera is oriented
with the x direction (8.8mm) perpendicular to the grooves and the y direction (6.6mm)
parallel to the grooves.
The Nyquist limit of the CCD is half the number of pixels perpendicular to the grating
grooves because the sensor must capture the constructive and destructive parts of every
fringe.  The minimum fringe width is therefore 2 pixels, any fringes with dimensions smaller
than 2 pixels will add to the noise and potentially cause aliasing in the data. The SHERA
design accommodates a bandwidth of 3600Δcm-1.  There is rarely any Raman signal beyond
this but the possibility of fluorescence or other background exists in the field.  Any longer
wavelength than the 660nm long end of the bandwidth would cause noise. To prevent this
possibility a short pass edge filter at 660nm should be added to the design.  In the controlled
laboratory environment, the short pass filter is not necessary.
For the format 1360x1024, the CCD was employed with the 1360 pixels in the x direction.
The Nyquist limit of this CCD in a SHS system is 680 resolution elements. Dividing the
range of 3600Δcm-1 by the maximum number of resolution elements gives the maximum
resolution of 5.3cm-1. This represents the maximum resolution achievable with the detector
across the entire bandwidth.  Using equation 3.2 to solve for the width of the gratings that
must be imaged yields 11.8mm and an image magnification of 0.75x. A commercial macro
lens was selected in order to ensure a high quality image of the grating was transferred to the
detector. The Linos macro lens that was selected had a magnification of 1x instead of the
0.75x magnification required to achieve the maximum resolution across the required
bandwidth.
The use of fixed 1x magnification exit optics procured from commercial sources caused
deviation from this theoretical resolution.  The width of the grating imaged combined with
the Littrow wavenumber and angle of the grating are the factors that drive the resolving
power of an SHS instrument. The 1x magnification lens determines that the width of the
gratings imaged is the same as the detector width of 8.8mm. The predicted resolving power
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of the instrument for the 532nm Littrow wavelength and a grating image width of 8.8mm is
given according to equation 3.2.
264028.2sin187978.84sin4 1  cmmmWR 
The definition of resolving power is used to find the resolution at 532nm is 0.20nm or
equivalently at 18797cm-1 the resolution is 7.11cm-1. The predicted 7.11cm-1 resolution was
considered adequate for the proof of concept demonstration.  The predicted bandwidth of the
instrument is ~ 4800Δcm-1 which was calculated by multiplying the resolution and the
number of resolution elements.  The bandwidth is greater than required but again this will be
adequate for the proof of concept.
This instrument is classified as a medium resolving power instrument. It should be noted that
this performance is achieved without mechanical scanning and only one image is required to
collect the spectrum.
To achieve maximum efficiency through the instrument, the blaze wavelength would ideally
be designed for the center of the bandwidth (~580nm) to minimize the light lost through the
instrument. The commercially procured gratings were blazed for 500nm which provided a
good response (>65%) throughout the bandwidth as shown in Figure 3.3[100].
Figure 3.3 Diffraction grating efficiency curve. Image courtesy Richardson Gratings [100].
The Littrow wavelength of the gratings was designed to match the laser wavelength at 532nm
because the instrument will produce identical output for wavenumbers σ0+σ and σ0-σ in
accordance with Equation 2.16.  The ghost outputs from shorter wavelengths are prevented
by the Raman edge filter for Rayleigh scattered laser light.  A Littrow wavelength longer than
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the laser wavelength creates ghost peaks from valid Raman scattered light without a method
for discrimination between the peaks. A Littrow wavelength shorter than the laser
wavelength allows the instrument to function properly but reduces the number of potential
resolution elements that are actually used.
3.2 Radiometric Estimates
This section will trace the radiometry of the proposed instrument starting with the power out
of the laser and converting that into a prediction of the number of photons converted by the
detector. This radiometric estimate is then followed through the data analysis process to
predict a signal to noise ratio (SNR).  The SNR represents the quality of information
contained in the spectrum and it is therefore the standard metric for evaluating the quality of a
Raman spectrum.
3.2.1 Radiometric Fundamentals of the Scenario
The Raman cross-section is a material property analogous to a radar cross section.  The
Raman cross-section of transparent liquid and gas samples can be measured as a function of
the volume of laser radiation incident on the sample. The solid and opaque mineral samples
envisioned as the subjects of a Raman Spectrometer on Mars do not allow an easy
measurement based on laser penetration of the surface and published values do not exist.
Because the published values do not exist, the traditional method for computing Raman
scattering return from a sample is incomplete.  As an alternative measurement, Stopar et al
measured the Raman efficiency of several mineral samples using 532nm excitation[101-103].
The Raman efficiency is defined by Stopar as “a dimensionless ratio of the incident laser
irradiance to the Raman radiant exitance from a rock or mineral surface”[103].  The equation
describing Raman efficiency is shown in Equation 3.3 as defined by Stopar.
 ANE
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  (3.3)
Where RE is Raman efficiency; IR is the irradiance of the Raman scattered light from the
sample (W/m2); IL is the irradiance of the incident laser light (W/m2); LR is the radiance of the
sample ( nmsrmW 2 ); Ω is the projected solid angle (π sr, assumes Lambertian behavior);
Δλ is the full width half max (FWHM) of the Raman peak; EL is the energy of a laser pulse
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(mJ/pulse); N is the pulse rate (Hz); and A the area of the laser spot (m2). The symbols and
terminology used by Stopar and defined in Equation 3.3 are not consistent with the
radiometry texts by Boyd or Palmer[104-105].  Specifically, the symbol IL will be calculated
as EL, the irradiance from the laser onto the sample and IR the will be calculated as MR, the
radiant exitance of Raman shifted light leaving the sample.  The symbols defined by Boyd
and Palmer will be used in the remainder of this thesis.  The Stopar equation is reformulated
in Equation 3.4 using the average power of a continuous wave laser (PL).
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Stopar et al characterized several minerals and thereby provided a convenient starting point
for a radiometric analysis of a Raman spectrometer.  The results of the Stopar experiments
are listed in Table 3-3.
Table 3-3 Raman efficiencies of various Martian analogue minerals
Sample Name Mean Relative Raman Efficiency
Milky quartz 3.29×10-8
Rose Quartz 2.07×10-8
Fibrous Gypsum 3.29×10-8
Gypsum(selenite) 2.72×10-8
Calcite(crystal) 5.81×10-8
Magnesite 3.55×10-8
Biotite Granite 3.24×10-8
Dacite 1.11×10-9
Chert 2.56×10-10
Grey sandstone 2.96×10-10
Dolomite marble 1.83×10-8
The average Raman efficiency from Table 3-3 is calculated to be 2.08×10-8.  The figure of
1×10-8 will be used as the conservative estimate of Raman efficiency. This number basically
states that the Raman signal returned from a sample will be 1×10-8 less powerful than the
laser energy exciting the sample.  A simple diagram is presented in Figure 3.4 to describe the
scenario radiometrically.
Figure 3.4 Reference diagram for radiometric calculations [15]
Laser
Collection Optics
Rock outcropping “Longhorn” taken by Spirit.
Image courtesy NASA/JPL/Cornell
Sample
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Starting with the laser, the full laser power of 291mW is used.  The laser has a 1.2mm beam
width, with 1.2mrad divergence. At a sample distance of 90mm, the laser spot on the sample
will be 1.3mm in diameter.  291mW spread over a disk 1.3mm in diameter gives irradiance,
E, of 214,400 W/m2 according to equation 3.5:
  22 400,214565.0
291
mWmm
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Where E, is the irradiance, Φ is the flux, A is the area, and τatm is the transmissivity of the
atmosphere.  τatm was conservatively estimated at 0.99 for the visible wavelengths of this
experiment. The sample has a Raman efficiency of 10-8, which means the Raman scattered
radiant exitance, M, leaving the surface of the sample is 2.14×10-3W/m2.  This is the Raman
scattered signal that is to be collected. The amount of this signal captured by the collection
optics is calculated as the irradiance, E, at the entrance to the collection optics. The
Lambertian surface is a good estimate of Raman scattering behavior because Raman
scattering is uniformly distributed over all directions due to the molecular interaction required
for the scattering to occur[106]. The irradiance of Raman scattered radiation from the 1.3mm
diameter laser spot at the sample incident on the aperture of the collection optics at a distance
of 90mm is 2.24×10-7 W/m2 according to equation 3.6:
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Where M is the radiant exitance leaving the laser spot, π is the solid angle across which a
Lambertian surface radiates, and A/d2 represents the projected solid angle of the laser spot
from the collecting optics.
There are several things to account for in the transmission of this design from the collimating
lens to the detector. The design of the SHS ideally passes only 50% of the available light
towards the detector but here 45% is used for the COTS beam splitter.  There are 10 air glass
boundaries that are antireflection coated with estimated transmission efficiency of 99.5%.
The grating efficiency is conservatively taken as the lowest point across the bandwidth at
65% from Figure 3.3. After accounting for these losses, the power incident on the detector
rectangle of 8.8mm x 6.6mm was estimated at 1.3×10-11W.
The number of photons represented by this irradiance is calculated using Planck’s law, E=hv.
To provide a conservative estimate, the 532nm wavelength is used to calculate that 9.67×106
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photons per second will be collected by the detector.  When divided by the total number of
pixels, 6.94 photons/pixel/second are incident on the detector. Establishing the photon flux
incident upon the detector allows the calculation of the signal to noise on the detector.
3.2.2 Signal to Noise Ratio (SNR)
The end performance metric that determines the ability to collect spectra is the signal to noise
ratio (SNR).  The SNR equation for a CCD is given in equation 3.7[107]:
2NrtDtQeP
tQeP
N
SSNR

 (3.7)
Where P is the number of photons per pixel per second received, Qe is the quantum
efficiency of the detector, t is the integration time of the CCD, D is the dark current of the
detector, and Nr is the read noise of the detector.
The integration time allows the CCD to accumulate the light and overcome the noise
characteristics of the detector to achieve a photon noise limited response.  The Prosilica
camera has a maximum integration time limit of 10 seconds. Beyond this integration time
limit, several frames could be added together to increase the SNR further.  The addition of
multiple frames theoretically increases the SNR by the square root of the number of frames
added.
Photon noise is the fluctuation of the signal due to the quantized nature of photons.  Photon
noise limited is also known as shot noise limited and is defined as the point at which
contributions from the photon noise exceed the noise contributions of both the read noise and
the dark noise. For a photon rate of 7 photons/pixel/second, a quantum efficiency of 0.6, an
integration time of 10 seconds, dark noise of 25.6 electrons/pixel/sec, and a read noise of 8
electrons/pixel, equation 3.7 yields an SNR of ~2.2:1. The minimum SNR that will reliably
identify a spectral peak is 3:1 but for archival quality science data the preferred SNR is >100.
Obviously, an SNR of 2.2 is not going to produce a high quality spectrum.
The important thing to remember is that this SNR of 2.2 was arrived at using only one row of
pixels on the detector.  The SNR of 2.2 represents the average SNR across just one row of the
detector.  Each row of the detector represents a valid spectrum of the sample.  Therefore,
combining all rows will theoretically increase the SNR of the spectrum by the square root of
the number of rows or in the case of the Prosilica camera, √1024=32.  An SNR of ~64 will
produce a spectrum of decent quality which will suffice for a proof of concept.
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It is also important to remember that 64:1 is the predicted SNR of the interferogram and not
the SNR of the spectrum. The Thorne analysis from Section 2.2.3 provided the equation that
is worth revisiting[82]:
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Equation 3.8 is the same as Equation 2.23 from the Thorne analysis.  The SNR of the
spectrum across a single column is predicted to be less than 64:1 by an amount that depends
on the number of peaks and the magnitude of those peaks present in the input spectrum.
It is useful to examine the case of when only one peak is present across the entire bandwidth.
The term in square brackets is the difference between the SNRint and SNRspec.  If there is only
one peak present, the single peak radiance, p, is equal to the total radiance, m, and
SNRspec=SNRint.  Assuming that multiple peaks have equal strength allows an extension of
this analytical exercise.  With 2 peaks of equal strength, the single peak radiance is half the
total radiance.  With 3 peaks, the factor is one-third, and so we see that for equal strength
peaks the relationship goes according to Equation 3.9
peaksofnumber
SNRSNR erferogramspectrum int (3.9)
Multiple peaks will rarely be of the same strength so this relationship is only useful as a
rough guide.
In a continuum and in the presence of continuous background, the SNR impacts of the FT
instrument are severe when going from the interferogram to the spectral domain.  However,
in an emission spectrum, the SNR effects are minimal for the sharp distinct peaks of a Raman
spectrum.
3.2.3 Spatial Heterodyne Raman Spectroscopy in Sunlight
A noise source that has not yet been accounted for in the Raman scenario is the effect of the
background solar radiation. In the operational scenario of a flight instrument on the Martian
surface, the pulsed laser and gated detector design serves two purposes.  The pulsed/gated
technique has been demonstrated by Sharma et. al. at the University of Hawaii to both reduce
fluorescence from the sample and reduce the noise contribution of solar background
radiation[69, 72]. In fact, this technique has demonstrated the ability to capture Raman
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spectra at 100m in full sunlight[69]. This demonstration provided confidence that the
technique is viable but the calculation has not been published and so is included here for a
further understanding of the SNR margin and the requirements on the synchronization of the
laser and sensor.
The calculation was performed for the visible excitation of 532nm and a bandwidth of 532-
660nm which corresponds to a Raman shift of 3600Δcm-1.  The same long pass filter that
blocks the reflected laser radiation will block any shorter solar radiation and a short pass filter
at 660nm should be included to block any longer radiation. The band radiance for the
bandwidth 532-660mn was calculated by integrating the Planck function (Equation 3.9) by
the method of Widger and Woodall[104, 108].
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Where Lν is the spectral radiance of a blackbody, h is Planck’s constant, ν is the frequency in
wavenumbers, c is the speed of light, k is the Boltzmann constant and T is the temperature of
the sun in Kelvin taken as 5900K.
From the integrated band radiance, the solar irradiance across the band was calculated at both
Earth and Martian orbits and yielded 233 W/m2 and 110 W/m2, respectively.
The result of this analysis illustrates the primary difference between the FT processing and
the dispersive instruments.  The interference instrument captures the entire spectrum across
the entire detector while the dispersive instrument captures each wavelength only on a
localized portion of the detector.  The result is that the noise from all light collected affects all
wavelengths in an interferometer while in a dispersive instrument, the noise at any
wavelength is localized and only affects the local peak.
The different noise characteristics of the two instruments are accounted for in the bandwidth
used to calculate the solar background.  The bandwidth of the interference instrument must be
taken as the entire 532nm-660nm bandwidth and thus the figure 233W/m2 is used on Earth.
The bandwidth of the dispersive instrument for any individual peak is a single resolution
element.  Assuming a resolution of 0.3nm, the solar background radiation from 532.0nm-
532.3nm is calculated to be 0.5876W/m2.
The problem is most easily understood by analyzing the scenario at the sample. Looking at
the Raman signal from the sample compared to the solar background reflected from the
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sample allows the calculation of the maximum achievable SNR.  Using a laser power of
25mJ, a pulse length of 10ns, a Raman efficiency of 1×10-8, and a sample spot size of 1cm2,
the Raman energy reflecting from the sample is 2.5×10-10mJ/cm2. These parameters were
chosen based on the actual parameters of laser power for the ChemCam instrument on the
Mars Science Lab. After accounting for the 1cm2 illumination spot and the 10ns pulse, the
solar background reflecting from the 1cm2 sample across the entire bandwidth of 532-660nm
is 2.33×10-10mJ/pulse.  This means the signal-to-background ratio in the interferometer
instrument is 1.07 and this number represents the limit of achievable SNR before the
degradation of detector electronics.  This also assumes the detector is gated in perfect
synchronization with the laser pulse.  Obviously the result of SNR=1 as the maximum
possible does not suggest the interferometer is a good candidate for remote Raman operation
in sunlight.
In contrast, when looking at the dispersive based instrument, the solar background reflecting
from the sample into a single resolution element of 0.3nm is 5.87×10-13mJ/pulse.  The
maximum SNR achievable for the dispersive instrument is ~425.  The conclusion of this
section of analysis is that using an interference based instrument in the presence of a
continuous background is not recommended. The noise characteristics of the interferometer
offset any gains in throughput.
The SHERA design is a valid concept for a remote instrument that is operated at night or
under shaded conditions. However, the SHERA design is more suited to a close proximity
Raman instrument where the throughput advantages can be realized.
3.2.4 ZEMAX Modeling
The optical system design software ZEMAX was used to simulate the laboratory design for
demonstration of the technique[109]. Despite a few software limitations, the nonsequential
mode of ZEMAX was able to properly account for the interference based nature of the
SHERA design and fringes were recorded on the detector.  These fringes were then processed
using the same Matlab routines that were used to process data from the SHERA breadboard.
The ZEMAX effort to simulate the SHERA breadboard is outlined here.  This experience
validated the ZEMAX software suite as a design tool for SHS design.
The physics of Raman scattering are not modeled in ZEMAX so the source was setup as the
1.2mm diameter illuminated section of the sample and the laser was not implemented in
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ZEMAX.  The overhead 2-dimensional layout of the simulated ZEMAX instrument is shown
in Figure 3.5.
Figure 3.5 Simulated lab instrument from ZEMAX
The ZEMAX simulation modeled most aspects of the lab instrument very well, with a few
exceptions that are noted here. The wavelengths could only be input individually, uploading
the spectral properties of the source was not possible.  Thus simulations were limited to a
handful of wavelengths and sample control data could not be wholly represented.  This
limitation also prevented the testing of the estimated performance of the instrument on a
sample reflecting sunlight.  The final limitation of ZEMAX was that the phase of the rays
launched from the source could not be launched with a random phase.  To account for the
random phase, the coherence length of the source was calculated and implemented to
simulate the random phase that would be generated by the Raman shift within the sample.
The lens prescription of the 1x magnification Linos macro lens was not available from the
manufacturer so a 1x relay lens provided with the ZEMAX software was implemented and
optimized for a similar distance to the detector. This two doublet design was implemented in
the sequential mode of ZEMAX where the optimization routine is powerful.  The exit optics
image the gratings so the sample and collimating lens were not required in the sequential
scenario. As shown in Figure 3.6 the sequential layout consisted of (from left to right): a
tilted object plane to simulate the tilted grating, the fused silica beam splitter, the symmetric
doublets, and the image plane.
2mm diameter
source
Collimating lens
Gratings (2)
Beam splitter
Exit Optics
Detector and
Image Plane
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Figure 3.6 ZEMAX sequential mode layout for optimizing exit optics
Figure 3.7 Spot diagram for exit optics design from SHERA breadboard
The lens was well corrected and provided very low distortion.  The lens spot diagram is
shown in Figure 3.7 where all fields are encompassed by the diffraction limited Airy radius.
The full prescription data for the breadboard optics is available in Appendix 2. The
optimized sequential design was then imported into the non-sequential ray trace mode of
ZEMAX.
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The ZEMAX simulation was processed using the same Matlab routine designed to process
SHERA data.  The 3-D layout of the ZEMAX simulation is shown below in Figure 3.8. The
fringes visible on the detector that were generated by the ZEMAX program from interfering
rays.
Figure 3.8 3-D Layout of SHERA from ZEMAX simulation
Because the angles of the gratings are specified directly in ZEMAX, any Littrow condition
can be simulated.  A known Littrow angle means that the calibration step is not required and
the spectra produced will flush out any problems with the processing routines.  The spectra
were processed directly based on the Littrow angle of the gratings and the width of the
gratings imaged.  A sample spectrum from the ZEMAX simulation is presented in Figure 3.9
where the input wavelengths were 540nm-660nm spaced 20nm apart.
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Figure 3.9 Spectrum from ZEMAX SHERA breadboard simulation
Figure 3.9 highlights another problem with the ZEMAX simulation.  Longer wavelengths
show up broader, and not as intense.  The 660nm peak is almost lost in the noise.  This is an
artifact of the simulation and the design of the exit optics. The non-sequential mode of
ZEMAX is very powerful but it does not accurately model the entire wave front nature of the
interference.  Instead the program traces individual rays and keeps track of phase as the rays
impact the detector.  The rays are launched at random and there is not a method to launch an
equal distribution of rays in each direction. This is what causes the discrepancy in the
simulation and it is the primary reason that higher spatial frequencies are recorded with
decreased intensity.  This can be partially offset by tracing more rays in the simulation;
Figure 3.9 was generated by tracing 1 billion rays which took approximately 11 hours.  The
time required to generate a more accurate simulation in the non-sequential mode was not
required because the results from the actual SHERA breadboard recorded longer wavelengths
with good accuracy.  These results will be presented in Chapter 4.
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3.3 Control Data
Control data was collected on a Renishaw System 2000 microRaman Spectrometer.  The
Renishaw instrument uses an excitation wavelength of 514nm.  While not the same as the
532nm wavelength used in the breadboard SHERA instrument design, it was deemed
adequate for validation purposes.  The relative Raman shift (Δcm-1) from the excitation
wavelength should be identical and allow spectra to be compared directly. The Renishaw
design used a monochromator coupled with a spectrograph to isolate the Raman signal. The
instantaneous range of the spectrum is 400cm-1 with a resolution of 2.02cm-1 nearest the laser
line(100Δcm-1) and resolution of 2.26 cm-1 at the farthest end of the spectrum(3500Δcm-1).
The Renishaw instrument had a monochromator with a moveable grating that allowed the
collection of several sequential spectra which were then stitched together to give a measured
bandwidth of 100-3500Δcm-1. A picture of the control machine is presented in Figure 3.10.
Figure 3.10 Renishaw System 2000 microRaman Spectrometer used to collect control data
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A mineral and ore set was obtained from Northern Geological Supplies Ltd with 36 samples
of common minerals. The full list of samples provided is included in Table 3-4 below.
Table 3-4 Mineral and Ore samples with locations and chemical descriptions
AUGITE
Silicate of Ca, Mg,
Fe, Al
Scotland
OLIVINE
Mg, Fe2SiO4Almklov,
W. Norway
HORNBLENDE
Silicate of Al, Ca,
Mg, Fe, Na
Canada
BIOTITE
iron
magnesium
silicate
Kristiansand,
S. Norway
MUSCOVITE
Potassium mica
Iveland, S. Norway
LEPIDOLITE
Lithium potassium
mica
Sweden
ORTHOCLASE
FELDSPAR
Potassium
aluminum silicate
Tveland, S. Norway
PLAGIOCLASE
FELDSPAR
Sodium and calcium
aluminum silicates
Osedalen S. Norway
GRAPHITE
Pure carbon, C
Borrowdale,
Cumbria
TALC
Hydrous
magnesium
silicate
Isle of Unst,
Scotland
COLEMANITE
Hydrated calcium
borate
Turkey
MILKY/ROSE
QUARTZ
Silicon dioxide, SiO2Portugal
ROCK
CRYSTAL
Silicon dioxide.
SiO2Arkansas
JASPER
Cryptocrystalline
silica
Aberdaren,
Gwynedd
KAOLIN
Hydrous aluminum
silicate,
Al4SiO10(OH)8Cornwall
CELESTINE
Strontium
Sulfate, SrSO4Yate, Bristol
MALACHITE
Basic carbonate of
copper,
CuCO3Cu(OH)2Morocco
CHALCOPYRITE
Sulphide of copper
and iron, CuFeS2C. Sweden
SPHALERITE
Zinc sulphife, ZnS
Force Crag,
Cumbria
GALENA
Lead(II) sulphide,
PbS
Weardale, Co.
Durham
MAGNETITE
Iron (ii) diiron (III)
oxide, Fe3O4Arendal, S. Norway
HEMATITE
Kidney Ore
Iron(III) oxide,
Fe2O3Egremont,
Cumbria
LIMONITE
Hydrated iron (III)
oxide, Fe2O3 nH2OSomerset
IRON PYRITES
Iron(II) disulphide
FeS2Mexico
BAUXITE
Hydrated
aluminum oxide,
Al2O3 2H2OLes Baux, S.
France
CALCITE
Calcium carbonate,
CaCO3Lotherdale, N.
Yorkshire
DOLOMITE
Carbonate of
calcium and
magnesium, CaCO3MgCO3Frizington,
Cumbria
APATITE
Calcium fluoro
- or chloro –
phosphate
Quebec,
Canada
GYPSUM
var: Satin Spar
Hydrated calcium
sulphate, CaSO42H2OKirky Thore,
Cumbria
GYPSUM
Var: Selenite
Hydrated calcium
sulphate
Weymouth, Dorset
ANHYDRITE
Anhydrous calcium
sulphate, CaSO4Kirkby Thore,
Cumbria
SULPHUR
Pure Sulfur, S
Baja, Mexico
FLUORITE
Calcium fluoride,
CaF2Weardale, Co.
Durham
BARITES
Barium
Sulphate,
BaSO4Somerset
GARNET
Var: Almandine
Iron aluminum
silicate Fauske,
Norway
TOURMALINE
Complex aluminum
boro silicate
Kragero, S. Norway
Due to the inhomogeneous nature of the minerals, multiple control spectra were taken of
every mineral to screen for the best candidate samples for use with the SHERA breadboard.
The samples chosen for analysis with SHERA were those with the lowest fluorescence.  The
rose quartz sample and the celestine sample were regarded as the samples with the highest
chance of detection due to the minimal fluorescent background.  The control data for both
samples is shown in Figure 3.11.  One spectrum from each sample is available in Appendix 1.
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Figure 3.11 Control data of Celestine and Rose Quartz collected on Renishaw instrument
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3.4 Alignment
The COTS components were setup without much difficulty.  Most supports were mounted on
hand adjusted micrometer driven translation stages to allow for simple adjustment and
alignment.  A picture of the SHERA setup is shown in Figure 3.12.  Black plastic shrouds
were placed over the instrument to minimize stray reflections and stray light entering the
instrument.
Figure 3.12 SHERA breadboard instrument setup
Sample
Collimating
Lens
Laser Head
Raman edge
filter
Exit optics
Beam splitter
Gratings(2)
Detector
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Initially achieving fringes was the most difficult part of the alignment process.  The steps
outlined herein represent a considerable number of trials and a methodical process to ensure
that fringes are present when both arms are exposed to the beam. The primary feedback from
each step was monitored in real time using the default viewer software that came bundled
with the Prosilica 1380 camera.
After all the components were in the general position, a mercury lamp was placed behind the
iris at the sample location.  The mercury lamp served as the source to image the gratings,
align the gratings, and calibrate the instrument.  The iris in front of the lamp serves to limit
the aperture of the instrument.  With the iris at a diameter of 1mm, the collimating lens was
adjusted to provide a collimated beam to the Raman edge filter and into the beam splitter.
The next step is to ensure the exit optics image the grating onto the detector by blocking one
arm of the interferometer at a time. Focusing on the surface of the reflective gratings was a
challenge. This step was accomplished by attaching a piece of ruled paper across the bottom
of the grating to provide a focus object near the plane of the grating.  After the paper was
located, the grating was lowered to fill the detector with an image of the grating surface.
Grating defects provided the ability to focus on the plane of the grating itself. Higher quality
gratings without defects will require an alternate method of alignment. Figure 3.13 shows a
close up of the complete spatial heterodyne element of SHERA.
Figure 3.13 Spatial Heterodyne Element of SHERA
Once the exit optics were in approximate position, adjustments were made on each grating to
correct position and angle. The three mount screws were 100 threads-per-inch (30°~21μm)
which allowed for fine adjustment of the grating angle in both pitch and yaw.  The grating
mounts also allowed for optical axis translation.  However, mounting the gratings on
translation stages that allowed movement of the gratings along the optical axis was helpful in
Exit optics
Beamsplitter
Gratings(2)
Detector
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achieving timely setup and alignment. Figure 3.14 provides a close up view of the adjustable
mount for each grating.
Figure 3.14 Grating mount
The grating was initially positioned by visual estimation to be parallel to the face of the beam
splitter with all adjustment screws backed completely out. The inability to measure the angle
of the grating with respect to the beam splitter was a minor limitation of the setup.  To
compensate, once fringes were captured from the mercury calibration lamp, the Littrow angle
was calculated using the known line positions of the calibration lamp which will be discussed
in the next section.
The Littrow angle for gratings of 150lines/mm at 532nm is 2.286° from equation 2.14. This
dictates a depth of field across the grating of 0.3514mm or ±0.176mm. The depth of field of
the exit optics is specified to be ±0.3mm so there should be no problem in fully illuminating
the sensor with fringes that are in focus. To achieve the proper tilt of the gratings, all three
screws were given 3 full rotations to ensure the grating was resting on the screw mounts.  A
rough calculation indicated that 5 rotations of the yaw actuator would give an angle of 2°
across the grating.  Therefore, the yaw screw was initially turned 5 rotations to position the
grating near but below the desired Littrow angle. After adjusting for the initial rotations, the
imperfections on the extreme left and right edges of the gratings were re-examined and fine
adjustments were made to keep the defects as in-focus and sharp as possible. Despite the
specification of the macro lens depth of focus of ±0.3mm, the angle of the grating was
usually maintained below the initial 2° to keep the grating in best focus. The Littrow
Grating
Yaw
adjustment
Pitch
adjustment
Optical axis
translation
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condition was adjusted to maintain the gratings in best focus rather than to achieve the
Littrow condition of 532nm with the edges out of focus.  As discussed in the next section on
calibration, a Littrow condition of 520nm was achieved.
After each grating was in focus, the obstruction was removed and the fringes were examined.
On one occasion a green laser pointer with a wavelength of 532nm diffused by ordinary
white paper, replaced the mercury lamp to give a visual estimate of the Littrow angle. The
fringes were extremely sensitive to both yaw adjustments corresponding to a change in
Littrow angle as well as pitch adjustments which affected the tilt of the fringes.  The yaw
adjustment of the Littrow angle had predictable effects on the fringes. As the angle was
increased, the fringe spatial frequency decreased until the Littrow condition for the laser
pointer was met.  Beyond this point, the spatial frequency of the fringes increased with
increasing angle.  At larger yaw angles the modulation efficiency was degraded at the edge of
the gratings due to defocus.
The adjustment of the pitch screws on the grating mounts had an impact on the tilt of the
fringes.  These adjustments were made to ensure the fringes were as close to vertical as
possible.  The viewer software had a feature to highlight a section of the image with a
rectangular box.  This highlight feature provided a vertical line which aided the fringe
alignment substantially.  A movement of 90° on the pitch screw corresponding to a
displacement of 63μm moved the mercury fringes roughly 20° off of vertical.
With the adjustment of the interferometer complete, an image was captured under the
illumination of the mercury lamp.  This image served as the calibration image. The setup was
assembled on an active air antivibration table to prevent components from vibrating or
moving throughout the experiment.
3.5 Calibration
The lines of interest from the mercury lamp are the lines above 532nm, all others are blocked
from entering the instrument by the long pass edge filter. A calibration image of the mercury
lamp interferogram is shown in Figure 3.15.
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Figure 3.15 Mercury calibration image showing defects; Inset: Pixel intensity for row 200
It should be noted that the grating defects are clearly seen in this section of the interferogram
and circled in red. The defects shown are the worst of the grating. The beat frequency of the
mixing of the three lines can just be made out in the image.  The inlaid plot in Figure 3.15
from the single row of the interferogram shows the periodic structure of the interferogram
more clearly.
The calibration image was then processed in Matlab. The image was read in as an array
containing the pixel values across the image.  The Matlab 2-D fast Fourier transform (FFT)
algorithm was used and the lowest 10 frequencies were filtered to remove the DC
contribution.  Finally, the power spectrum is plotted as a function of spatial frequency.  This
process produced the spectra shown in Figure 3.16 from the full interferogram image.
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Figure 3.16 This spectrum shows the raw spatial frequency data used in calibration
The three lines are 546.075nm, 576.961nm, and 579.067nm and their relative intensities are
100, 11, and 12 respectively [110-112]. Figure 3.16 shows that the primary mercury line
(546nm) produced 123 fringes across the full width of the detector, the 577nm line produced
257 fringes, and the 579nm line produced 266 fringes.  These peaks were fit using the
standard spectral processing routines in Matlab provided by O’Haver[113]. Fitting these
three peaks yields spatial frequencies of 123.23, 257.24, and 266.31 fringes across the
detector. These results were not corrected for the detector response because these
wavelengths are all above 90% of the detectors relative response so the effect should be
minimal and the relative intensity was not as critical as the peak location.
The remainder of the calibration procedure follows the technique outline by Englert et al and
is summarized here[114].  This procedure establishes the spectral response of the instrument
based on the spatial frequency response from the known input of the mercury lamp.  Equation
3.11 establishes the Littrow wavelength of the instrument.
   2112
12
0 //  ff
ff

 (3.11)
Where λ0 is the Littrow wavelength, λ1 and λ2 are the known wavelengths from the calibration
source, f1 and f2 are the measured fringe cycles across the detector width and obtained from
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the FFT of the interferogram. Using the fit peak locations and the strongest two lines of the
calibration lamp with Equation 3.11 gives the following result for the Littrow wavelength.
   nmnm
fringesfringes
067.579/23.123075.546/31.266
31.26623.123

 =520.53nm or equivalently 19211.1cm-1.
The next step is to translate this to the Littrow angle of the gratings using Equation 3.12:


  2arcsin
0 G
L
 = 

 
2
/15053.520arcsin mmlinesnm =2.237° (3.12)
Where θL is the Littrow angle (rads) and G is the grating groove density (lines/mm). The
width of the grating imaged on the detector can now be determined with Equation 3.13:
   L
fw  tan/1/14 10
1
 =     237.2tan075.546/153.520/14
23.123 =0.8768cm (3.13)
Where w is the width of the interferogram imaged on the detector. Because the actual width
of the detector is known, this result provides an opportunity to assess the accuracy of the
calibration.  The actual width of the Sony ICX 285 sensor is determined by the 1360 pixels at
a pixel pitch of 6.45μm for a total width of 8.772mm.  The imaging lens was a high quality
1x magnification macro lens with distortion less than 0.01%.  The difference between the
actual detector width and the width calculated by Equation 3.13 was 3.6μm, or roughly half a
pixel.  This result is in excellent agreement with the theory.
Finally, the spectral response of the instrument can be calculated using Equation 3.14:
 
wG
ff


21
0 (3.14)
Equation 3.14 gives the wavelength as a function of spatial frequency.  Converting Equation
3.14 to units of wavenumbers (cm-1) yields a linear relationship, as in traditional FTS.  The
results are shown in below in Figure 3.17.  The solid line is the spectral response in units of
wavenumbers (cm-1) using the right-side y-axis scale and shows a linear relationship while
the dashed red line is the spectral response in units of wavelength (nm) according to the left-
side y-axis scale and has a subtle nonlinear curvature
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SHERA Spectral Response
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Figure 3.17 Spectral response of the SHERA instrument calculated from Equation 3.13
Using the calculated Littrow wavelength from Equation 3.11, the mercury lamp spectra was
reprocessed to show the calculated vs actual performance lengths.  The results are shown
below in Figure 3.18 as a function of wavelength (nm).  All line positions are within the error
of one resolution element as expected.
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Figure 3.18 Mercury lamp as measured after calibration; Absolute line positions are
546.075 nm, 576.961 nm, and 579.067 nm
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The resulting parameters measured and computed for the SHERA instrument are presented in
Table 3-5.
Table 3-5 SHERA breadboard calibration results - Key Performance Parameters
SHERA Parameter Design Goal Breadboard Actual
Bandwidth 60 Δcm-1 – 3600Δcm-1
18736cm-1 – 15200cm-1
534nm – 660nm
60 Δcm-1 – 4548Δcm-1
18736cm-1 – 14248cm-1
534nm – 700nm
Resolution <4 cm-1
0.11nm – 0.17nm
7.3 cm-1
0.2nm – 0.35nm
Resolving Power 4850 2600
The breadboard results have proven that the performance of the SHERA design nearly
achieved the required performance expected of a Raman flight instrument.  The improvement
required is straightforward.  Increasing the resolution by double can be achieved by using a
sensor with more pixels to provide more resolution elements across the same bandwidth.
Sensors with 1920 or 2048 pixels are commonly available and provide the required
resolution.
3.6 Chapter Summary
This chapter outlined the design choices for the SHERA breadboard. The review of the
radiometric scenario that governs the remote Raman measurements highlighted a critical
difference between how Fourier transform instruments and dispersive instruments are
affected by background noise.  As a result the SHERA design is not recommended for a
daylight remote mission.  The SHERA design is more ideally suited to a close contact type of
implementation. The ZEMAX modeling was introduced as an optical design tool.  The
ZEMAX simulation validated the breadboard design showing fringes and yielding spectra
that closely matched predicted data.
The method of collecting control data was introduced as well as the specimens from which
the control data was taken.  The initial alignment procedure for the SHERA design was
detailed. The calibration procedure and results were presented showing that the SHERA
breadboard instrument performance can attain the performance required of a planetary
exploration instrument.
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Chapter 4 Observations/Results
This chapter will show the initial Raman signals captured by the SHERA breadboard. The
first Raman signal was captured on November 10th, 2010.  This was the first known Raman
spectra captured with an SHS instrument.  The algorithms used to process the spectra are
discussed.  Observations of both expected and unexpected instrument behavior are
highlighted and addressed. Overall, it will be shown that high quality Raman spectra have
been captured using the SHERA breadboard and that the processing required to recover and
correct a spectrum is well understood. These results were first presented at the 42nd Lunar
and Planetary Science Conference in March 2011[115].
4.1 Raman Spectra from Minerals
The data in Figure 4.1 and Figure 4.2 have been normalized so that the scale is the same for
each spectrum.  The integration time of the detector was the 10 second maximum and the
samples were placed at the 88.9mm focal length of the collimating lens.  The SHERA line
positions were within half of a SHERA resolution element when compared to the control
data, this was an excellent result.
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Figure 4.1 Raman spectrum of Celestine from SHERA breadboard
The results from the two samples are presented.  Celestine, strontium sulphate (SrSO4) and
rose quartz, silicon dioxide (SiO2) were the strongest signals received and the only signals
with more than one Raman band from the samples obtained.  This was not a surprising result
considering the quality of Raman spectra that were obtained from the control samples.
Raman spectra of all control samples can be found in Appendix 1.
The signal from rose quartz also yielded multiple corresponding peaks as shown in Figure
4.2.  These peaks are all located within one resolution element, 7.3cm-1.
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Figure 4.2 Raman spectrum of Rose Quartz from SHERA breadboard
Signals in Figure 4.1 and Figure 4.2 were captured on the second run of the SHERA
breadboard. The SHERA spectra presented were processed using the 2-D FFT function in
Matlab with background correction, which will be discussed in the next section. The results
from these two samples clearly show that the Raman signal is present for these two minerals
and confirm that the SHERA design is capable of capturing the weak Raman return. The
correct Raman peak relative spacing for spectral features out to 1100Δcm-1 also proved the
accuracy of the calibration procedure.
There are several differences between the SHERA spectra and the control spectra from the
Renishaw microRaman control instrument.  The most obvious difference is the signal to noise
ratio(SNR), listed in Table 4-1 for the 4 spectra plotted in Figure 4.1 and Figure 4.2.
Table 4-1 SNR of spectra presented
Sample SHERA spectrum Renishaw spectrum
Celestine 101 992
Rose Quartz 84 2020
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The SNR is calculated from the spectral data according to Equation 4.1[24, 116]:
NoiseRMS
SignalPeak
N
S
_
_ (4.1)
The method of SNR calculation for Raman is not standardized throughout the industry but is
consistent throughout this report and several instrument companies indicate use of a similar
method is used[116-117].  The signal strength of the peak signal is divided by the standard
deviation of 50 points in a signal free region. The larger signal of the control instrument is
expected given the large solid angle captured by the Renishaw micro-Raman instrument due
to the proximity of the collection lens.
The second primary difference in the SHERA and control data is the instrument resolution.
The Renishaw instrument resolution is 2cm-1 at the laser line and 2.3cm-1 at 3500Δcm-1.  The
resolution of a dispersive instrument is nonlinear and becomes worse at longer wavelengths
due to the grating equation.  The resolution of the SHERA breadboard is a constant 7.3 cm-1
across the bandwidth. The resolution contributes to the smoothness of the Renishaw data.
Both spectra actually extend out to 3500Δcm-1 in range.  However, no peaks were visible
beyond the range displayed and when included and the spectral features were more difficult
to distinguish so the data was presented only up to 2000Δcm-1.
These two spectra represent the best performance of the SHERA breadboard.  Only minerals
with low Raman reflectivity were sampled.  These results are in excellent agreement with the
predictions from Chapter 3 and are very encouraging for future development.  The data
processing is essential to understanding the quality of these signals and is presented next.
4.2 Data Processing
Minimal processing was necessary to display the signal received in Figure 4.1 and Figure 4.2.
The primary steps that were taken to process Raman signals are outlined here.
The SHERA instrument produces an image in the tagged image file format with dimensions
of 1360rows x 1024columns. The complete interferogram for the celestine sample is shown
in Figure 4.3. When viewed at sufficient resolution subtle vertical fringes are evident in the
celestine interferogram.  When printed on paper, there is only one visible fringe in the figure.
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Figure 4.3 Celestine sample interferogram
The single fringe visible in Figure 4.3 is known as the center burst and it marks the point of
zero path difference (ZPD) in the two arms of the interferometer.  The center burst is the most
intense point on the interferogram because all light constructively interferes at the center
burst. The gradual dimming of the image further from the ZPD is due to the change from
constructive to destructive interference.  This gradual dimming illustrates that there were
many wavelengths present from the celestine sample as opposed to the mercury lamp
interferogram in Figure 3.15, where the beat pattern was clearly visible from the 3 distinct
lines all across the interferogram[118].  The broadband signal captured in Figure 4.3 is
explained by fluorescence from the sample.  In the flight design, the spectrum will
significantly benefit from a pulsed laser and gated detector array to avoid capturing the
fluorescence from the sample. As a comparison for the brightness of this image, the average
pixel value on this 10 second exposure for Raman collection was 25,062 while the average
pixel value from the mercury calibration lamp was 31,469 over an exposure of just a few
milliseconds.
Central Fringe at
Zero Path Difference
(ZPD)
Grating Defects
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4.2.1 One-Dimensional Processing
A plot of one row of the celestine interferogram is shown in Figure 4.4.
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Figure 4.4 Plot of row number 250 from the celestine interferogram
Figure 4.4 also illustrates the center burst ZPD at the center of the image.  This plot also
shows several spikes of noise from the grating defects, particularly the spikes from pixels
-190, 180, 250, and 380 which are below the nominal data in Figure 4.4
According to the SHS theory, each row of pixels represents a valid interferogram of the
sample. The results of the discrete Fourier transform are always symmetric with duplicate
data in the two halves of the spatial frequency domain.  In the Fourier domain, the resolution
elements can be thought of as frequency bins.  Across one row from pixels 1 to 1360, the data
is symmetric about pixel 681 with the exception of the DC bin or zero frequency bin which is
the value in frequency bin 1 and is representative of the average brightness of the row across
all pixels.  The DC term is representative of the constant term from the SHS equation:
          0 0 tan42cos1  dxBxI (4.2)
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The discrete Fourier transform from a single row of the interferogram returns a set of
complex numbers that is the same length as the row. To graphically represent this data the
magnitude of the complex number is plotted as shown in Figure 4.5.
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Figure 4.5 Raw FFT data from sample interferogram, the DC term dominates the spectrum
Clearly the DC term in Figure 4.5 dominates the plot and prevents seeing the other frequency
bins components in the spectrum.  The lowest 10 frequency terms are filtered out to enable a
proper scaling of the spectrum, and it is shifted using the 'fftshift' routine to show the spatial
frequency represented by the data.  The filter sets the value of the low frequency terms equal
to the smallest magnitude present across the spectrum.  This maintains the scale of the spectra
which is not maintained if the filter sets the value to zero. The plot of the shifted and filtered
spectrum is shown in Figure 4.6.
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Figure 4.6 Shifted and filtered Raman spectrum of a single row from celestine sample
To put the spectrum in the nominal form of a Raman spectrum, the calibration is applied.
The strongest peak in Figure 4.6 at a spatial frequency of 194 fringes is the celestine Raman
peak at ~460Δcm-1.  The next strongest peak at 58 fringes is the laser line.  The visibility of
the laser line was a beneficial surprise for proving this experiment.  This meant that the filter
did not completely block the laser line.  However the laser line was attenuated enough that
other lines were visible.  In addition, measuring the laser line in the spectrum allowed an
accurate wavelength measurement of the laser and provided the data point from which the
Raman shift was measured.  Data below the laser line is not included in the Raman spectra
because the long pass filter would eliminate any anti-Stokes Raman signals. The spectrum
from one row of the celestine image is depicted in Figure 4.7. The SNR from row 250 was
18.1 and is annotated on the graph.
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Figure 4.7 Single row spectrum from celestine sample
The average SNR of all 1024 rows of the celestine spectra was 19.4 with a standard deviation
of 3.5, a minimum of 8.2 and a maximum of 32.4. Compared to the predicted single row
SNR of 2.2 from section 3.2.2 this result is much higher than expected.  The difference in
predicted vs actual is explained mostly by sample effects.  The sample alignment, the actual
Raman reflectivity of the sample, and the sample fluorescence are factors that have a large
impact on the radiometric predictions.
Obviously, an SNR of 19 was still not a very high quality spectrum.  While the primary peak
can be located, more subtle spectral features are still lost in the noise.  This is the SNR from
the information in only one row of the interferogram.  Combining the information from all
rows will significantly increase the SNR.
4.2.2 Two-Dimensional Processing
Because there is information in every row, the spectrum from one row is not the best that can
be achieved. Simply stated, 1-D processing analyzes data from one row while 2-D
processing analyzes data from 1024 rows.  There is clearly more information when the entire
sensor is used.  To take advantage of this data, three 2-D processing methods were examined.
The three methods were known as the 2-D FFT method, the spatial sum method, and the
Fourier sum method.
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Three methods were evaluated for combing the information from every row in the
interferogram.  The first method evaluated was the two dimensional discrete fast Fourier
transform (2-D FFT).  The 2-D FFT performed the discrete Fourier transform across all rows
followed by the same process down every column.  The result is a matrix of complex
numbers that is the same size as the original image. The matrix was then shifted and filtered
in the same manner as the 1-D FFT. The central row of the 2-D FFT represents the pure
horizontal frequency elements that are present in the image. The spectrum from the shifted,
filtered and calibrated 2-D FFT process is shown in Figure 4.8
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Figure 4.8 Celestine spectrum after 2-D FFT method for processing
The second method evaluated for combing the information in every row was to add all the
rows in the spatial domain and then take the FFT of the single row of data from the total sum.
This method is called the spatial sum method.  The results of the spatial sum method are in
Figure 4.9 and are seen to be identical to the central row of the 2-D FFT. A point by point
comparison of the two spectra was completed to confirm the methods produced the same
data.
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Figure 4.9 The "Spatial sum” spectrum above is identical to the 2-D FFT in Figure 4.8
For the ideal case of perfectly vertical fringes, the results from all three methods would
actually be equal.  However, there is always a minimum tilt to the fringes.  This tilt can be
thought of as a phase shift from one row to the next.  The evidence of the phase shift is in the
2-D FFT, the non-negligible numbers that show up in the rows above and below the central
row are proof that there are patterns other than the pure vertical fringes.  The central row
represents “pure vertical fringes” or “pure horizontal frequency” and was plotted in Figure
4.8. The pitfalls of these methods are easily understood in the spatial domain. Adding the
rows in the spatial domain when there is any tilt washes out the fringe contrast and thus
reduces the intensity of the signal and increases the noise.
The third method evaluated for combining the information from all rows of the interferogram
was to process each row as a separate spectrum and then combine the spectra in the Fourier
domain. This method is labeled the Fourier sum method. The plot using the Fourier sum is
seen in Figure 4.10 and the results are substantially better than the previous two methods.
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Figure 4.10 The celestine Raman spectra using the “Fourier sum” method
The improvement from the Fourier sum method is due to the sum of the rows occurring in the
Fourier domain.  In this manner the frequencies are added directly and the tilt in the fringes
does not cause the intensity to wash out.
When the photon noise is dominant, the co-adding of multiple spectra increases the SNR
according to the square root of the number of scans[118].  The adding of all 1024 rows then
has the potential to increase the SNR by a factor of 1024 = 32.
From the single row average SNR of 19 shown in Figure 4.7 to the SNR of 417 shown in
Figure 4.10, the spectrum has been improved by a factor of 22. The difference in the
predicted SNR improvement of 32 versus the actual SNR improvement of 22 is explained
primarily by the grating defects and the noise that is introduced by the defects.  This error
signal will add coherently and it’s affect on the spectrum is not reduced when adding all the
rows affected by a particular defect.  Overall the defects do not span more than a few rows at
a time, therefore combining all rows allows the random errors to average over the entire
detector and thus increases the SNR by 68.7% of the theoretical possible increase.
Considering the quality of the gratings, this was considered an adequate result.
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4.2.3 Background Removal
One artifact of the Fourier sum technique is the increased baseline of the spectrum.  The
spectrum in Figure 4.10 has a fairly constant signal level at an intensity of 0.22 that
eventually tapers down to 0.1 at the end of the spectrum.  This background or baseline is
primarily due to the fluorescence of the sample.  There are many techniques for removing the
baseline from a Raman spectrum[119].  The preferred approach for data reduction of the
SHERA design is an automated approach.  The polynomial fit that is the default method of
correction on many instruments has several drawbacks.  The polynomial fit requires manual
identification of the Raman peaks and manual identification of the spectral areas without
peaks.  The manual interaction required means that the method requires a skilled operator, is
time intensive, and prone to variability.
For these reasons, the modified polynomial fit method (modpolyfit) proposed by Leiber was
adopted[120].  The modpolyfit method is an automated, iterative method that gives consistent
and rapid results. This is an iterative polynomial routine where the intensity values for the
raw spectrum are compared to the polynomial baseline model at each interval.  The smaller of
the compared values are concatenated to construct a modified spectrum, which is then re-
fitted. The result after several iterations is a baseline fit that is not biased by the Raman
peaks.  When the baseline polynomial intensity is less than the intensity of the spectrum, a
new dataset is created and the baseline intensity is substituted for the spectral intensity.
For this experiment, the algorithm was terminated when the negative values remaining had
not changed for 10 iterations. A plot with the first five iterations of the modpolyfit method
shown in  compared side-by-side to the spectrum after background correction is presented in
Figure 4.12.
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Figure 4.11 Raman spectrum of celestine with 5 iterations of modpolyfit also plotted
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Figure 4.12 Raman spectrum of celestine after background correction
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It is noticed that background removal decreased the signal to noise.  This was the expected
result because the SNR is calculated according to Equation 4.1 using the peak signal.
Subtracting the background from the peak signal reduces the magnitude of the peak signal
while the removal of the background has no obvious effect on the standard deviation of the
noise.
There are further data processing techniques that have been used on operational SHS
instruments.  The processing steps applied to the data collected from the Spatial Heterodyne
Imager for Mesospheric Radicals instrument (SHIMMER) on STPSat-1 could be used as a
template for processing flight data[121].  The data processing method for SHIMMER
involved the following corrections for maximum data purity:  CCD bias, dark current, non-
linearity, image shift, flat field, cosmic ray spikes, grating scratches, phase correction and
finally apodization[121]. The SHERA breadboard produced high quality results without
correcting for any of these effects.  These corrections simply offer an opportunity to further
enhance the results and are primarily important for accurate quantitative analysis.  These
corrections were not necessary for the qualitative, peak position matching proof of concept
exercises performed with the SHERA breadboard.
The capability to correct for defects in the SHS design is exemplified by the SHIMMER on
orbit data. The SHIMMER instrument on STPSat-1 had a vibration test failure which
scratched a grating.  Due to schedule constraints the instrument was recalibrated and the
grating was flown despite the scratches.  The data in the scratch locations were modified to
correct for the grating defect.  This example proved that the processing of data from an SHS
instrument is flexible and well understood and that even optical defects can be overcome with
a proper calibration campaign.
The phase correction technique developed by Englert and Harlander was applied to SHERA
data.  However the limited data points from the mercury lamp lines were not sufficient to
correct the phase errors in the data due to the large number of grating defects[122]. The
numerous grating defects also clearly violated the “slowly varying phase” assumption crucial
to the phase correction.  Large defects would need careful manual correction as performed on
the SHIMMER data. The “Fourier sum” technique provided a rougher method for achieving
a similar result, adding the spectrum from every row averaged out the phase errors from the
defects present in each row.
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SHERA data was not corrected to the same level as the SHIMMER instrument due to
resource constraints. The percentage of the gratings affected by defects is estimated at 5%
and although theoretically possible to correct, the value of information yielded by correcting
the breadboard instrument to such a high degree was such that a correction was not
warranted. The proper radiometric calibration using a calibrated integrating sphere could be
achieved. Radiometric calibration and higher quality gratings will allow corrections for non-
linearity, flat field, and phase. This level of correction is left as future development work for
the next prototype.
4.3 Instrument Behavior
4.3.1 The Instrument Line Function
The general form of the modulated SHS interferogram is found in Equation 4.3[122].
          ),(exp),(exp,)( xkkxixkkxikxkAxI  

 (4.3)
Here k is proportional to the heterodyned wavenumber (σ0 - σ) and x is the location of an
individual detector element where x=0 is the zero path difference. A(k,x) represents the
normalized instrument function, β(k) is the spectrum, and the Φ(k,x) term is the additive
phase distortion term.
The instrument function represents the limitations of a real instrument.  Only an infinite path
difference and an infinite aperture could recreate an infinitely narrow linewidth.  In the
spatial domain, the instrument function is a rectangular function which represents the finite
path difference and finite aperture[118].  The transform of a rectangular function is a sinc
function ( xsin x xsinc  ) and therefore in the Fourier domain the instrument function is a
sinc function.  In the Fourier domain, the sinc function is convolved with the true spectrum.
Recovering the spectrum β(k) is the goal.  Thus it is important to understand the effects of the
instrument function.  To isolate the instrument function, the Englert method for phase
correction was followed and is summarized in the following paragraphs[122].
A tunable monochromatic source was not available so the primary line in the mercury lamp
was isolated with a Gaussian function in the Fourier domain and then transformed back to the
  Chapter 4. Observation and Results
101
spatial domain.  This Gaussian window is overlaid on the spectrum in Figure 4.13(a).  The
Gaussian and the spectrum are convolved to isolate the line.
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Figure 4.13 (a) Mercury lamp spectrum with Gaussian (b) Signal after multiplication
The resulting isolated signal is shown in Figure 4.13(b), the signal at all other frequencies is
zero.  Equation 4.3 can be simplified to represent the monochromatic signal in Figure 4.13(b)
as shown in Equation 4.4:
       ),(exp,)( 00000 xkxkikxkAxI k   (4.4)
Where k0 is the monochromatic, heterodyned wavenumber and the negative exponential
function has been removed by the filtering process.  This allows the computation of the total
phase for k0 according to Equation 4.5:
       xIxIxkxk kk 00arctan),( 00 (4.5)
Now that the phase is known, the phase distortion can be corrected and the shape of the
instrument function A(k0,x) can be calculated from equation 4.4 by recognizing that β(k0) is a
scalar.  Brault et al have shown that the ideal instrumental line shape of an FT instrument is a
sinc function and the resolution of the instrument is 1/2L where L is the maximum path
difference of the instrument[118].  The calculated instrumental line shape and the ideal line
shape are shown in Figure 4.14.
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Figure 4.14 Measured versus Ideal Instrumental Line Shape
The differences between the two plots are easy to explain.  The ideal sinc function is a
continuous function, the measured ILS is only sampled at the resolution interval.  There is a
method for evaluating the spectrum at the points in between the resolution widths by “zero
padding” the data.  In this method the original data set is extended by adding zeros, the
proposed amount is to at least double the dataset.  The effect of this is to double the sampling
interval.  The effect of zero padding the data by 2x, and 4x is illustrated in Figure 4.15.
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Figure 4.15 ILS when sampled at 2x and 4x via "zero padding"
When the data is not zero padded, the spectrum is sampled at every other zero crossing of the
sinc function.  At 2x zero padding the function is sampled at every zero crossing and the
spectrum still looks rather flat.  At 4x zero padding the function is sampled at the all the zero
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crossings and the minimums and maximums in between to reveal the measured instrument
line shape is indeed the sinc function familiar from Fourier transform spectroscopy.
While the zero padding was important to prove the correct shape of the ILS, the effect of zero
padding the SHERA data is to increase the “ringing” of the sinc function from each line in
the spectrum. The high SNR spectra from the calibration lamp were moderately improved by
this increased sampling technique. The low SNR Raman spectra were degraded and the
ringing was pronounced throughout the spectrum from the DC term, which in most cases
swamped the Raman peaks.  Therefore it was decided not to incorporate zero padding into the
spectral processing routine for the SHERA breadboard.  However, this tool will be important
for fitting curves to the data from a flight instrument with sufficient SNR.
4.3.2 Extraneous Laser Signal
Several samples were placed under test which the SHERA breadboard was not sensitive
enough to pick up a Raman signal.  However, there was a single signal present in nearly all
collected spectra at approximately 628.9nm.  The conclusion was that this was an extraneous
signal from the laser.  A plausible method for the generation of the 629nm light from the
SHERA laser comes from the potential for sum frequency mixing in the nonlinear doubling
crystal as described in patent number 6304237[123]. This “feature” of the laser was not
considered important because higher quality laser would not likely experience this problem.
However, this extraneous laser signal is the only signal that was received at high spatial
frequency and this provided helpful information on the capability of the SHERA breadboard
at higher spatial frequencies. The extraneous signal is seen in Figure 4.16 where the
spectrum of Rose Quartz is plotted across the full range of the instrument.  The 629nm signal
occurs at a relative Raman shift of 2890.5Δcm-1 and is labeled in Figure 4.16.
Chapter 4. Observation and Results
104
0 500 1000 1500 2000 2500 3000 3500 4000 45000
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
SNR = 141.7
X= 2890.5
Rose Quartz Raman Spectrum showing Laser Signal
Raman shift (cm-1)
No
rm
aliz
ed
 In
ten
sity
Figure 4.16 Rose Quartz Raman spectrum from SHERA breadboard
The laser signal shows up cleanly as a sharp distinct peak and proves that signals can be
recorded at high spatial frequencies.
In Figure 4.17 a Raman inactive sample spectrum is shown plotted as a function of
wavelength which shows only the primary and extraneous laser signals present.
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Figure 4.17 Sample Showing Laser Signals as a Function of Wavelength
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Finally, the same spectrum from Figure 4.17 is replotted as a function of spatial frequency in
units of fringes/mm.  These units are used to be consistent with the units used to measure the
performance of the exit optics in the next section.
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Figure 4.18 Sample Showing Laser Signals as a Function of Spatial Frequency
4.3.3 The Modulation Transfer Function (MTF)
One method of measuring the performance of a lens is the Modulation Transfer Function
(MTF).  According to Smith, the MTF is defined as “the ratio of the modulation in the image
to that in the object as a function of the frequency (cycles per unit of length)”[124].  The
MTF is typically measured in line pairs per millimeter. A more visual example of MTF is
provided in Figure 4.19.
Figure 4.19 MTF, perfect lines are imaged and contrast on the image is measured [125]
Chapter 4. Observation and Results
106
In a lens MTF test, the image of the MTF target is taken and the resulting contrast of the
image is measured. The Linos exit optics’ MTF performance was plotted in Figure 4.20.
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Figure 4.20 Linos MTF performance data
Figure 4.20 was created from the manufactures data points which were provided up to 60 line
pairs/mm.  The 0% modulation point is defined as the cut-off frequency and was calculated
according to Equation 4.6 from Smith[124]:
  mf
NA
 1/#
12
0  (4.6)
Where λ is the longest wavelength of the system, and m is the magnification taken to be -1 in
this case.  The magnification accounts for the use of the lens at finite conjugates.
While this specification can be difficult to understand when evaluating its effects on images,
it compares directly to the fringe pattern created in SHS. The SHERA exit optics operate at
1x magnification on a sensor that is 8.8mm wide.  The 680 resolution elements available
from the 1360 horizontal pixels correspond linearly to the number of fringes across the
detector. Dividing the resolution element number (or the number of fringes across the
detector) by the width of the detector yields the line pairs/mm of the resolution element.
It would appear from the MTF plot of the manufacturer, the sensitivity of the higher
frequency resolution elements is greatly reduced.  However, the illumination of the exit
optics in an SHS design is nearly collimated and this has a large impact on the MTF of a lens.
According to Smith, when the lens is illuminated by collimated light, the full power is
projected through the lens until the frequency reaches half of the cut-off frequency where the
power drops to zero[124].  Semi-collimated illumination has a similar effect, enhancing the
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low frequency modulation and reducing the high frequency modulation.  The adjusted MTF
curves for collimated and semi-collimated illumination are shown in red in Figure 4.21.
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Figure 4.21 The MTF effects of coherent illumination
Figure 4.21 explains why the high frequency resolution elements do not suffer from a poor
modulation in the SHERA design.  The highest frequency element is calculated to be 77.3
line pairs/mm which is less than half of the cut-off frequency.  Therefore all the resolution
elements benefit from the semi-collimated illumination of the exit optics.
Some qualitative proof of this collimated enhancement is available from the extraneous laser
signal examined in the previous section. Figure 4.22 shows the same data that was presented
in Figure 4.18 with the MTF data added in.  The weak extraneous laser signal at 51 line
pairs/mm should be reduced to 30% of its intensity according to the manufacturers MTF data.
The distinct sharp peak and the lack of noise in the spectrum shows that this high spatial
frequency signal is enhanced significantly by the collimated illumination of the exit optics.
Linos MTF data (left axis)
SHERA spatial frequency (right axis)
MTF with collimated illumination
MTF with semi-collimated illumination
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Figure 4.22 Raman Inactive spectrum combined with MTF data
In addition, this signal shows the errors present in the ZEMAX simulations.  This signal is
recorded at high spatial frequency without problem.  This is in contrast to Figure 3.9 where
the high spatial frequency signals produced from the ZEMAX simulation were significantly
broadened and heavily affected by noise. Furthermore, the detector response is lower at the
higher spatial frequencies (Figure 3.1) and the data has not been corrected for detector
response.
4.4 Data Quality
The end result of the SHERA data product is to identify the chemical content of the sample.
The matching of a spectrum to a spectral library is typically accelerated by using an
automated process to select the most probable match.  The RRUFFTM database maintained by
the University of Arizona is the world’s most complete mineralogical Raman spectral library
containing Raman spectra on thousands of mineral samples collected at several different
wavelengths[126]. The Crystal Sleuth software to load a spectrum and search the library is
provided at no cost.
For a final comparison of the quality of the SHERA data, the control spectra and the SHERA
spectra were uploaded for both the celestine and rose quartz samples. Although the Crystal
Sleuth software is not the most rigorous matching software, it did provide a valuable data
point for the quality of SHERA data.  As seen in Figure 4.23, the SHERA data provided a
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better match when compared to the control data spectrum. Table 4-2 highlights the statistics
of the matches.
Table 4-2 Matching comparison from the Crystal Sleuth automated matching routine.
SHERA Data Control Data
Celestine(780nm) 24th mineral suggested
82% match
95th mineral suggested
78% match
Celestine(532nm) 78th mineral suggested
75% match
160th mineral suggested
72% match
Figure 4.23 RRUFFTM project matching results, Left: SHERA, Right:  data control
While the 82% match is not a stellar result, it must be emphasized that this is not the most
rigorous matching software and it is provide at no cost.  Automated matching software is
always fraught with complications.  Blindly assigning a match based on a purely automated
process rarely occurs when analyzing an unknown sample.  In operations there are many
context clues to mineral identification that helps eliminate false matches. Parallel techniques
should be brought to bear on samples of interest to ensure the proper identification.
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The primary conclusion from the matching software exercise was that the SHERA
breadboard data provided a better match to the mineral database than the data from the
laboratory control instrument.
4.5 Chapter Conclusions
This chapter has shown that the SHERA design is capable of producing high quality Raman
spectra. The SHERA design is exceptionally forgiving of errors.  The high quality results
obtained in spite of the poor quality gratings used proves this point.  Furthermore, the
alignment of the instrument can be calibrated using the measured fringe pattern of a known
sample.  This known sample can be measured at the beginning and end of every data
collection campaign to ensure the alignment of the instrument and the calibration of the
collected, unknown sample spectra.
The SHERA instrument exhibits performance behavior in accordance with a classical FT
instrument.  The data processing required to recover high quality, corrected spectra is well
understood. It has been shown that the SHERA breadboard has captured quality Raman
spectra and provided a better match to the mineral database than the control data when using
an automated matching routine.
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Chapter 5 Flight Design
This chapter focuses on the design of a flight Raman instrument.  In particular, the design of
a SHERA flight instrument using the SHS technique was compared to the design of a
dispersive spectrograph of the classical Czerny-Turner design. The purpose of this design
exercise was to compare the spectroscopy technique.  The detector, laser and collection optics
were all assumed to be the same for either method of spectroscopy.  For this reason, suitable
options for the detector, laser and collection optics have been selected and characterized but
the analysis of alternatives was not exhaustive.
The cost of this instrument was also not addressed.  Flight-like components have been
identified but most components have not been flight qualified and will require further
development. Historically, Mars science instruments had considerable development budget
for one-of-a-kind instruments and this will be the situation regardless of the spectroscopic
technique selected.
5.1 Requirements and Constraints
The performance requirements of 4cm-1 resolution and a bandwidth of 200-3600Δcm-1 have
been identified by Edwards and Hargreaves as the targets for a Raman instrument for
planetary exploration[19]. The instrument proposed in this design is the first field portable
instrument capable of achieving both requirements.  There is a fundamental trade between
resolution and bandwidth in a spectrometer based on a CCD. The number of pixels
determines the number of resolution elements that are available.  Therefore, the starting point
for both designs is once again the detector and the excitation wavelength.
The volume, mass and power constraints for this instrument are not as well defined.
Obviously, volume, mass and power are all very tightly controlled on an interplanetary
mission.  However, because this instrument is not designed with a specific vehicle in mind,
the design will seek to minimize these parameters and evaluate the result in the context of the
more recent planetary exploration surface payloads such as the LIBS instrument on the Mars
Science Lab mission and the APXS from the MER mission.
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5.2 The Excitation Wavelength
The operating laser wavelength is the primary consideration for designing the Raman system.
Avoiding fluorescence is critical to capturing high quality spectra. However, the designer
should also bear in mind the spectral response available from detector technology.  In the
pursuit of a compact Raman spectrometer the assumption was made that the CCD or
complimentary metal oxide semiconductor (CMOS) array detector is the detector that will
lead to the most compact design. Figure 5.1 presents the typical spectral response available
from these technologies today.
Figure 5.1 Typical spectral sensitivity available from CCDs [127]
Edwards and Hargreaves showed that wavelengths into the IR are the best for avoiding
fluorescence[19].  However, the technique of using a pulsed laser and gated detector was
apparently not considered.  Operating in the IR creates problems in several areas, especially
when trying to design a compact instrument.  The primary reason for avoiding the IR is the
spectral response of CCDs in this region.  Operating with an excitation wavelength of
1064nm requires collecting over bandwidth of 1064nm—1700nm (refer to Table 1-1).  In
addition to the poor detector response across this bandwidth, the Raman signal return is 16x
less than the return at 532nm due to the λ-4 relationship from Equation 2.1. For the above
reasons, Raman instruments operating at an excitation wavelength of 1064nm use a
Michelson interferometer optimized for IR detection to collect spectra.  This approach has
been ruled out for surface exploration due to the complexity and sensitivity of the moving
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parts.  The array detector that is both large enough and sensitive enough in the IR simply does
not exist today to enable the capture of Raman spectra from a compact instrument.
Operating in the ultraviolet, under the fluorescence, is also a strategy for avoiding
fluorescence.  This is a promising idea.  Again, because of the λ-4 relationship, an excitation
wavelength of 248.8nm would enjoy a Raman signal return almost 20x when compared to the
532nm excitation.  This increased signal helps to offset the reduced detector sensitivity over
the 248nm—280nm bandwidth that must be captured. Working in this range avoids
fluorescence because no known material exhibits fluorescence below 300nm.
Unfortunately, the problem with operating in the UV under the fluorescence range is isolating
the laser excitation line.  The best commercially available filter that blocks the 248.6nm laser
excitation line transmits 50% at 400Δcm-1 (253.6nm)[90, 128].  The molecular vibrational
information content from the range 200-1000Δcm-1 is known as the “fingerprint” region
because the information in this range is highly specific.  Sacrificing the region from 200-
400Δcm-1 is unacceptable and an instrument in this condition would not add enough value to
the exploration mission to justify its flight.  In addition, the choice of optical materials for
exit optics at these wavelengths is greatly reduced.  The materials that do transmit
satisfactorily can be difficult to manufacture leading to high cost. For all of these reasons, the
deep UV is not the wavelength region of choice.
The elimination of the IR and UV regions leaves the visible bands where the fluorescence
effect is the greatest. Eliminating the fluorescence from the visible band incurs some
complexity but is well within the capability of today’s technology.  A gated detector
synchronized with a pulsed laser has been demonstrated to significantly reduce fluorescence
in several systems[69, 129-130]. This is the method that the flight SHERA design will
pursue.
The laser used on the Mars Science Laboratory ChemCam instrument operates at a
wavelength of 1067nm.  This laser is highly compact and built to the environmental
requirements of the Martian surface.  Frequency doubling this laser makes the operating
wavelength 533.5nm.  This was the selected operating wavelength of the SHERA flight
system.  Further details of the laser and detector are covered in the following sections.
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5.3 The Detector
The detector for the flight instrument must be an intensified charge coupled device (ICCD) to
avoid fluorescence. A schematic diagram of an ICCD design is shown in Figure 5.2[131]. In
an ICCD camera, the image is focused on a photocathode which releases an electron when
impacted by a photon.  This electron is then accelerated into a microchannel plate (MCP) that
acts as an electron multiplier.  Gain can be controlled by adjusting the voltage across the
MCP, gains from 30-1000 are routine in ICCD cameras.  The electrons from the MCP are
accelerated to impact a phosphor screen to be converted back to photons which are detected
by the CCD.  The phosphor screen is coupled to the CCD via a fiber optic output window.
Figure 5.2 ICCD schematic [131]
The ICCD is required because it is the only technology that has the capability to match a
1μsec pulse from a laser at 10Hz.  The gate times of commercial ICCD products routinely
achieve an integration window of a few nanoseconds so 1μsec is easily within this capability.
The results from the University of Hawaii indicate that a 1μsec does an adequate job of
blocking fluorescence[72]. The noise characteristics of the FT spectrum in the SHERA
design indicate that the detector integration time window must be matched closely to the laser
pulse window.
The gain of the ICCD is also important to increase the sensitivity to the weak Raman signal.
The gain of the ICCD camera will be included in the SNR analysis of the flight design in
Section 5.6.1.  The gain is critical to achieving high SNR at longer pulse widths and lower
power levels which do not degrade the sample.
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The next consideration for the detector is the resolution.  To achieve a resolution of 4cm-1
across a bandwidth of 50-3500Δcm-1, the SHERA design requires at least 3500/4 = 875
resolution elements.  Because of the Nyquist sampling limit, this requires at least 2*875 =
1750 pixels in the horizontal direction.  1750 pixels, would mean that the high end of the
bandwidth is sampled at exactly the Nyquist limit.  Sampling at exactly the Nyquist limit
often makes capturing accurate data difficult so a standard detector size with 1920 or 2048
pixels was preferred.
There is currently no standard product ICCD camera that has more than 1360 pixels in one
direction.  In fact, these cameras are based on the same ICX285 Sony CCD used in the
SHERA breadboard.  The most compact product with 1360 pixels does fit into an appealing
cylindrical package with a diameter of 65mm and a length of 150mm which is made by
Photonic Science Limited.  This package is shown in Figure 5.3.
Figure 5.3 Photonic Science ICCD camera [132]
Despite the appeal of the compact packaging, using a standard camera with 1360 pixel
columns would require a sacrifice of bandwidth or resolution. After discussion with Photonic
Science Limited, it was learned they are developing a new ICCD camera based on a cooled
scientific Complimentary Metal Oxide Semiconductor (sCMOS) sensor with 1920x1080
pixels.  The applicable specifications of this ICCD camera are listed in Table 5-1.
Table 5-1 Photonic Science ICCD camera specifications [133]
Parameter Value
Pixel format 1920 x 1080 (2Megapixels)
Pixel pitch 6.5μm
Dark noise 0.5 electrons/pixel/second
Read noise 1 electron/pixel
Full well capacity 30,000 electrons
Power consumption <3W
Mass <1kg
Volume 130.5mm x 52.6mm cylinder
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Thus the detector is selected as the first component of a flight like design.  This detector is
selected independent of the spectroscopic technique that is used in the Raman instrument.
This detector will serve as the foundation for comparing the SHS technique to a classical
Czerny-Turner dispersive spectrometer technique.  The relative performance of these two
methods will be directly compared at the end of this chapter.
This detector is not the only element that is chosen independent of the spectroscopic
technique.  The laser is also independent of the technique.  The laser and detector must be
synchronized to avoid fluorescence.  This will add some overhead to the instrument but this
timing complexity was deemed a necessary cost for the benefit of spectra free from
fluorescence.
5.4 The Laser
The baseline laser for the flight design is the same laser built by Thales Laser for the
ChemCam on the Mars Science Lab.  This laser is a compact, conduction cooled laser that is
built to operate in the rigorous Martian environment.  The laser uses a Neodymium doped
Potassium Gadolinium Tungstate (Nd:YGW) as the gain medium to generate 1067nm
light[134].  The laser produces 5-7nsec pulses of 25-35mJ[135-136].  The overall dimensions
of the cylindrical laser package are 55mm diameter and 220mm length with a mass of about
550g. A cut-away schematic and an image of the sealed laser head is shown in Figure 5.4.
Figure 5.4 Cut-away and sealed views of the ChemCam laser [135]
The power supply will be incorporated into the electronics box. The volume of the laser
electronics is 215x90x160mm3 with a mass of 2.3kg and electrical consumption of
46W[137].
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The primary benefit of this laser over any existing commercial design is the thermal
management.  The ChemCam laser is completely conduction cooled.  Commercial lasers that
produce similar pulse energy all have an active liquid cooled thermal system which is clearly
not feasible for a Mars surface explorer.  Due to thermal concerns, there is an operational
limitation on the laser at 10Hz; the laser can run in burst mode for 100 shots (10sec) every 5
minutes.  At 2Hz the laser can run continuously.
There are a few modifications required to this laser for the Raman design.  The output
wavelength requires frequency doubling to 533.5nm which is expected to cut the power per
pulse by half.  This will affect the SNR and the full SNR analysis will be presented in Section
5.6.  The beam output also requires fiber coupling to the Raman probe. The pulse duration
performance must also be relaxed to avoid sample degradation, a pulse duration of 1μsec is
assumed easily attainable.
Any modification to this highly custom laser will likely require heavy investment dollars and
an exhaustive search of laser technology may reveal a better starting point. The ChemCam
laser was presented as an excellent example of the state-of-the-art in space qualified laser
technology.  The laser subsystem requirements of the Raman system are all relaxed when
compared to the ChemCam laser, i.e. lower power and longer pulse width.  Therefore, it is
assumed that the laser requirements are well within reach of today’s technology.
The properties of the modified laser are power(10mJ/pulse), pulse duration(1μs), and spot
size(500μm).  These properties produce an irradiance of 5MW/cm2 at the sample.  This
irradiance is safely 2.5 orders of magnitude lower than the irradiance required for LIBS of
1GW/cm2.
5.5 The Collecting Optics
Due to the integration of noise across the entire bandwidth of an FT instrument, a remote
Raman SHS instrument is not advised.  The instrument is more suited to a contact or probe
design as proposed on the ExoMars lander.  The probe can be built with a shade to eliminate
background solar light or it can be used in an internal sample analysis chamber as in the
ExoMars proposal[18].
The use of a probe does have certain advantages for the instrument design. Primarily, the
close proximity to the sample allows capturing a larger solid angle of the Raman shifted
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radiation. The larger solid angle enhances throughput and therefore sensitivity. Also, the
availability of commercial components is another benefit of the use of a fiber optic probe.
Figure 5.5 The Mars Raman prototype probe;  6-inch ruler for scale4 [138]
Figure 5.5 shows a Raman imaging probe that was developed and prototyped by InPhotonics
for the Jet Propulsion Laboratory for a Mars mission that was not selected [138]. The large
hole in the center was for attaching to the robotic arm.  The standoff pins on the left of Figure
5.5 were designed to contact the sample for rough placement and a linear actuator drove the
focus in 10μm steps.  The collection, excitation, and reference fiber connections can be seen
in Figure 5.5. The camera port is 1-inch in diameter and the fibers have a numerical aperture
(NA) of 0.22.
Figure 5.6 InPhotonics Raman probe design [20]
The generic design of Raman probes from InPhotonics is shown in Figure 5.6. The design
uses a dichroic mirror in the probe itself to filter the laser Rayleigh peak from the Raman
shifted light.  The dichroic mirror blocks the laser line to an optical density of 8 or greater.
The standard InPhotonics product is designed for 532nm excitation.  The dichroic long pass
4 1 inch = 2.54cm
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filter achieves 90% transmittance at 150Δcm-1; this compares to the Iridian Spectral
Technologies filter used in the SHERA breadboard which performed to OD>6 at the laser
line and achieved 90% transmittance at 120Δcm-1.  The laser wavelength of 533.5nm for the
flight design will likely require a custom filter. Fortunately, there are several companies
capable of developing high performance visible filters.  The development cost for a custom
product is expected to be steep but there should be no problem achieving the desired
performance of 90% transmittance near 100Δcm-1.
The large aperture acceptance of the SHERA design will allow the largest practical fiber size
for efficient coupling of the Raman scattering light ~500μm.  The spectrograph design can
use the same fiber but must also use a limiting slit to achieve the resolution requirements.
The throughput of the two techniques will be compared directly in Section 5.8.
5.6 The SHERA Flight Spectrometer
The SHERA flight spectrometer design follows the good design principle of starting with the
requirements.  The 1920 columns across the sensor yield 960 resolution elements.  Across the
3600Δcm-1 bandwidth, the theoretical resolution available from 960 resolution elements is
3600 / 960 = 3.75cm-1.  From this the resolving power of the SHERA instrument will be
18736cm-1 / 3.75cm-1 = 4998. The primary component of the SHERA interferometer is the
gratings.  The width of the gratings imaged determines the resolving power according to:
 sin4WR  (5.1)
First, the grating groove density must be selected to calculate the Littrow angle and Littrow
wavenumber inputs to Equation 5.1. Experience from the SHERA breadboard indicated that
grating groove densities of 150lines/mm or 300lines/mm are appropriate.  The design trade
between these options is summarized in Table 5-2.
Table 5-2 Grating groove density design trade
Grating groove density: 150 lines/mm 300 lines/mm
Littrow Wavenumber (σ0) 18736 cm-1 18736 cm-1
Littrow Angle (θ) 2.29° 4.59°
Grating image Width (W) 16.66mm 8.33mm
Depth of Field ±0.333m ±0.333m
Magnification Required 0.749x 1.49x
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The primary effect of grating groove density is the magnification on the sensor.  The depth of
focus required of the exit optics is the same regardless of the groove density.  On one hand, a
large groove density would allow a smaller grating width and allow a smaller beam splitter
and collimating lens.  On the other hand, the design of the exit optics is simplified by a lower
magnification and a given depth of focus is easier to achieve across a lower magnification.
Also, the diffraction limited spot is decreased for a smaller object. Therefore, the coarser
gratings of 150lines/mm actually represent the better performance and were selected for the
SHERA flight design.
The Littrow wavenumber was chosen as the excitation wavelength (533.5nm = 18744.1cm-1).
The first 20 resolution elements are filtered in processing because of the problems recovering
the very low frequency resolution elements.  Additionally, the first 20 resolution elements are
below the 50% transmission point of the edge filter in the collection probe so that no valid
signal should be received in this range.
With the Littrow angle set, the remaining task was to design the exit optics.  Every SHS
instrument that has flown on a space mission has consulted an experienced lens designer for
optimization of the exit optics.  The SHERA flight design should be no different but the
initial attempt to design the exit optics in ZEMAX shows the general size of the spectrometer.
The optical SHERA flight design is shown in Figure 5.7 and Figure 5.8.  These figures were
generated in the ZEMAX non-sequential mode which allows for global coordinates and
considers ray splitting and polarization effects.  The performance of the exit optics as
predicted from ZEMAX scales and compares very well with similar performance predictions
that were created for the SHERA breadboard.
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Figure 5.7 ZEMAX 2-D layout of the SHERA flight optics
From Figure 5.7 the rough volume of the interferometer unit can be calculated.  Adding 5mm
around all sides for packaging and mounting gives a realistic final volume.  Volume =
(155mm+10mm) × (80mm+10mm) × (25mm+10mm) – 125mm × 50mm × 25mm+10mm =
301,000mm2.
Figure 5.8 ZEMAX 3-D layout of the SHERA flight optics
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The lens prescription data from the design shown in Figure 5.8 is available in Appendix 3.
The collimating lens is a doublet optimized for the instrument bandwidth.  The apertures of
all optics were set to 25mm to allow for standard mounts.  The exit optics consist of two
singlet lenses and two symmetric doublets. The collimated nature of the light coming off the
gratings greatly simplifies the design of the exit optics.  As shown in the layout from the
ZEMAX sequential mode, the cone angle of light coming off the gratings is very narrow.
The longest wavelength of light that enters the interferometer (3600Δcm-1=660nm) is
incident on the grating at the Littrow angle of 2.29° and is diffracted at an angle of 3.38°.
Accounting for each arm, the result is a cone of light just 2.2° wide that is coming off the
gratings.  The lens design is quickly optimized in ZEMAX when such a narrow cone of light
is all that must be considered.
Figure 5.9 SHERA exit optics as optimized in ZEMAX sequential mode
Figure 5.9 shows the layout of the fields and tilted object plane as optimized in the ZEMAX
optical design software.
The performance of the exit optics is summarized by the MTF plot in Figure 5.10 and the
spot diagram in Figure 5.11.
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Figure 5.10 SHERA flight design Modulus of the Optical Transfer Function (MTF)
Figure 5.10 shows the response of the exit optics in the MTF.  The MTF measures the
contrast from a sine wave pattern at the object when transferred through the optics and
measured at the image.  The diffraction limit is plotted in Figure 5.10 and the plots of all
fields fall very near the diffraction limit.
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Figure 5.11 Spot diagram for 3 wavelengths and 5 fields across the object plane
Figure 5.11 shows the spot diagram performance for the 3 design wavelengths 535nm,
590nm, and 645nm which were chosen to sample across the bandwidth.  The 5 fields that are
shown represent the on axis point, the farthest radial point in both the X and Y directions of
the lens which correspond to the diagonal distance of the sensor, and the mid point in both X
and Y directions.
The dimensions of the optics are 155x85x25mm3. There is a large dead space which can be
used to fold in the fiber mount or the large distance between lenses can be used to wrap
around the exit optics as shown in Figure 5.12.
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Figure 5.12 Flight SHERA exit optics with fold mirrors
Figure 5.12 does not show the collimator and fiber input which would enter the beam splitter
from the top of the figure. The diameter of the symmetric doublets and final meniscus lens
were also reduced to the minimum diameter (10mm) required to fill the sensor with an image
of the grating at the required 0.75 magnification. Obviously, the mechanical mounts for the
optics will also take up some space but this folded configuration has demonstrated
considerable design flexibility.
The mass of the optics totals 109g which includes collimating lens, fused silica beam splitter,
and all 6 elements of the exit optics. This mass was calculated using the full apertures of the
non-folded design as a conservative estimate for comparison.
The SHERA flight design was validated using the non-sequential mode of ZEMAX.  The
non-sequential mode launches rays from a source ellipse of 500μm and accounts for ray
splitting, polarization properties, and phase properties of the rays launched and traced through
the system.  In the non-sequential mode, rays are not required to follow from one surface to
the next in any prescribed order and rays are allowed to interact with objects as many times
as the model requires.  This was a powerful method of instrument simulation for the SHERA
design.  The system was analyzed using 3 wavelengths, 545nm, 590nm and 645nm to ensure
results were obtained from across the entire bandwidth.  A subsection of the resulting
interferogram is shown in Figure 5.13 where the fringes from the 3 wavelengths are just
visible.  The poor contrast of the fringes is due to the small number of rays traced in the
Grating
Beamsplitter
Fold Mirrors
45mm
100mm
Image Plane
Collimator & Fiber input not shown
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simulation as well as the resolution of the printed page.  The enhanced fringes are shown as a
guide to locating the actual fringes in Figure 5.13. The detector that is simulated is perfect in
that there is no read noise, no dark current, and no bias; the detector only measures the signal
from the rays traced.  This “perfect” detector allows the small number of rays traced to still
produce an easily measured signal.
cropped section of ZEMAX interferogram with 545nm, 590nm, and 645nm inputs
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Figure 5.13 Interferogram section produced by ZEMAX non-sequential ray trace
The spectrum from the complete interferogram generated in ZEMAX is shown in Figure 5.14
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Figure 5.14 ZEMAX spectrum using SHERA processing algorithm
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The thermal considerations of operating on the Martian surface are also of concern.  This is a
further reason that an experienced lens designer should be consulted for the final design of
the exit optics.  The general technique to isolate optics is to use a base plate with a very low
coefficient of thermal expansion (CTE) to isolate the optical assembly.  The external Mars
environment varies from -97°C to 0°C.  Mars Exploration Rover electronics were required to
operate between -40°C to +50°C[2].  Individual instruments had tailored temperature
requirements which depended on their location and performance capability[4]. The expected
thermal requirements for the SHERA design would be along the lines of the ExoMars Raman
Laser Spectrometer which has an operating requirement of -40 to 0°C[60].  This is within the
capability of today’s technology for the performance requirements of the exit optics.
Previous SHS instruments have secured the gratings directly to the beam splitter to form a
monolithic structure with similar CTE for grating substrates and spacers.  Given the initial
layout of the SHERA instrument, the collimating and first element of the exit optics could
also be mounted to the beam splitter for additional stability and to eliminate mounting points.
An example of the monolithic structure achieved in the Spatial Heterodyne Observations of
Water (SHOW) instrument is shown in Figure 5.15.
Figure 5.15 The SHOW interferometer is a good example of monolithic construction
The optical fiber entry of the SHERA interferometer forms the limiting aperture of the
interferometer.  According to FTS theory, the optimum aperture is given by Equation 5.2
[118]
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Rfd 8 (5.2)
Where d is the diameter of the aperture, f is the focal length of the collimating lens, and R is
the resolving power.  According to Equation 5.2, the optimum aperture diameter is 1.7mm.
The maximum fiber diameter for the collecting probe is 500μm so this allows a large
tolerance on the fiber input port.  This means the fiber could be shifted laterally a full fiber
width without affecting the performance of the interferometer.
5.6.1 SHERA Flight Design SNR Analysis
The SNR is predicted using the estimated parameters of the selected flight components. A
similar approach will be taken as presented in Chapter 3 with the primary difference that the
laser operates in a pulsed fashion and the ICCD detector has gain.
Starting with the laser energy of 10mJ/pulse the laser is focused onto the sample.  The radius
of the spot determines the interrogation size of the sample.  Spot size must be selected to
prevent damage to the sample.  As long as the entire spot is in focus of the probe collection
lens, the actual size of the spot is irrelevant to the SNR prediction.  This occurs because of the
linear dependence on input laser power.  If the same laser power is distributed across a larger
spot, the irradiance is decreased but the total Raman signal reflected stays the same. For
convenience, the laser spot diameter illuminated by the probe was selected as 500µm.
Following the same radiometric process as presented in section 3.2.1 and 3.2.2 from Palmer,
the signal to noise ratio can be predicted for the SHERA flight instrument[105]. The
calculation is considered in terms of the average power of the laser. 10mJ/pulse at a
frequency of 10Hz gives an average power of 100mW.  On a 500µm diameter spot 10mJ
creates a Raman radiant exitance, M, of 5x10-4W/m2.  The maximum efficiency that can be
collected by a 500µm fiber with a numerical aperture (NA) of 0.22 is the same as if the fiber
is butt-coupled to the emitting spot[139]. This geometry is sketched in Figure 5.16.
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Figure 5.16 Sketch of butt coupling considerations for fiber mating [139]
The equation to determine the power that is coupled into the fiber is given in Equation 5.3
angularFresnelgeometric
source
input
P
P  


 (5.3)
Where Pinput is the power coupled into the fiber, Psource is the power emitted by the source,
ηgeometric represents the geometrical losses, ηFreznel represents the Fresnel losses, and ηangular
represents the angular losses of the system.  Because the laser spot and fiber diameter are the
same size, there are no geometric losses.  The Fresnel efficiency (ηFreznel) stems from the
transmission of light through media of different refractive indices and is the familiar 96%
associated with uncoated air-glass boundaries.  The angular coupling efficiency (ηangular) for a
Lambertian source is equal to ηangular=   0484.0cos1 2  fiber .  The angular losses stem from
the acceptance angle of the 0.22 numerical aperture fiber. The radiant exitance from the
Raman spot multiplied by the area of the fiber and the efficiencies gives a power collected by
the fiber of 4.6×10-12 Watts.
The irradiance from the fiber to the collimating lens of the interferometer is 2.17x10-7W/m2.
This leads to the actual power incident on the detector of 1.33x10-12W.  Using the shortest
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wavelength admitted of 535nm to conservatively estimate the photon flux over all pixels on
the detector yields a photon flux of 6.85photons/pixel/second.
The SNR equation changes slightly for the ICCD architecture.  In addition to the gain of the
microchannel plate, the noise factor that accompanies the intensifier must be accounted
for[140].  Equation 5.4 shows the appropriate ICCD modifications from the previous SNR
Equation 3.7 from Section 3.2.2, the G term represents the gain with a maximum of 30 and
the F represents the noise factor of 1.6 for this ICCD architecture[140].
2NrtDtQePFG
tQePGSNR

 (5.4)
With G= 30, P=6.85photons/pixel/sec, Qe=0.5 , t=10sec, F=1.6, D=0.5e-/sec, and Nr=1e-, the
predicted SNR of the interferogram is 80 across a single row and adding all rows yields
567108080  rows .  This is regarded as an acceptable SNR but without a limitation on
detector integration time, SNR will be proportional to the square root of the integration time.
The Raman signal is predicted to saturate the full well depth of 30,000 electrons after about
30 seconds.  This leads to a maximum SNR of 136 across a single row and 970 when all rows
are combined.  To achieve an SNR beyond this, multiple exposures must be used.
The throughput is the measure of light that is captured by a system and is also known as
geometrical extent or étendue. The throughput is a fundamental property of an optical system
because the amount of light that is transmitted is directly related to the sensitivity of the
instrument. The throughput is calculated to be the product of the fiber core area and the
projected solid angle of the collimating lens from the perspective of the fiber core.  This
relationship is sketched in Figure 5.17.
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Figure 5.17 Throughput schematic
Equation 5.4 allows the calculation of throughput[105].
 AT (5.5)
Where T is the throughput, A is the area of the fiber and Ω is the projected solid angle of the
beam from the fiber received at the collimating lens.  For the flight SHERA design, the
throughput is calculated as,      strmmmm
mmmmT  22
2
2 031432.03.44
1025.0  , where the
steradian (str) is the unit solid angle. To arrive at a number that can be compared directly, the
transmission characteristics of the beam splitter and the fill factor of the rectangular detector
must be accounted for.  The transmission of the beam splitter and optical elements is
conservatively estimated at 45% and the fill factor of the rectangular detector of 16:9
compared to the circular aperture is 54%.  After accounting for these two factors, the
throughput to the detector is calculated to be 0.007695mm2∙str.  This is the figure for direct
comparison to the dispersive grating based instrument in the following section.
5.7 The Spectrograph Design Reference
Any new design cannot be fully appreciated without knowledge of the current standard.  The
Mars Science Lab ChemCam instrument used modified versions of the HR2000 Ocean
Optics spectrograph and this is the standard against which the SHERA design must be
Fiber core
Acore= π r2 Projected Solid Area
of Collimating lens
2d
Asurface
Throughput = Acore×Ω
Distance = d
Collimating Lens
Asurface= π r2
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compared[141-142]. The design of this spectrograph will be critically evaluated in this
section and a direct comparison to the SHERA flight design will be recapped in section 5.8.
Initially, a dispersive spectrograph appears to have a large resolution advantage over the
SHERA design if every column of pixels represented a resolution element, it would have
twice the resolution of the SHERA design.  However this is not the case, Nyquist or Shannon
sampling theory also applies to the design of dispersive spectrographs and it dictates that a
single resolution element must be sampled by at least 2 pixels[143].  In fact, the preferred
design criteria is to illuminate 2.5-3 pixels[143].  Therefore, the resolution performance of the
SHERA design versus the spectrograph design is considered equivalent.
The HR4000 from Ocean Optics uses the same optical bench as the HR2000 that is part of
the ChemCam instrument on the Mars science lab.  The primary difference is the sensor
which has a pixel size of 8μm which makes for a better comparison to the selected ICCD
detector.  The applicable specifications of the HR4000 are presented in Table 5-3 below:
Table 5-3 Ocean Optics HR2000 Specifications [144]
Category Specification
Volume 148.6mm x 104.8mm x 45.1mm
Mass 570 grams
Detector Toshiba TCD1304AP linear CCD array
Pixel Size 8μm x 200μm
Pixels 3636,
Design f/4, Symmetrical crossed Czerny-Turner
Focal Length 101.6mm
Slit size 5µm width x 1mm height
The bandwidth and resolution performance of the HR4000 is not listed in Table 5-3 because
the unit can be configured with many different gratings and slit widths, providing for variable
bandwidth and resolution.  The instrument equivalent requirements from section 5.1 are
restated here: Bandwidth—533.5 – 660nm & Resolution—0.114nm.  The units have been
converted to nanometers corresponding to the performance listings of the HR4000.  The
many different HR4000 configuration options were evaluated for the closest match to the
instrument requirements.  The combination of the grating with 1200 lines/mm and the 5µm
slit was the closest match and the performance for a starting wavelength of 533.5nm is
evaluated from Figure 5.18 as the green line with a bandwidth of 533.5-733.5nm and
resolution of 0.109nm.
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Figure 5.18 Performance range of HR4000 with 1200lines/mm grating and 5μm slit [144]
This standard commercial product compares fairly well to the requirements. To maintain an
“apples to apples” comparison of the bandwidth, the 3636 pixels in the HR-4000 must be
normalized to the 1920 pixels in the selected ICCD.  The 1920 pixels of the selected ICCD
camera, is a loss of 1716 pixels or 850 resolution elements from the 3636 pixels of the
HR4000.  This is equal to 850 resolution elements when making the conservative assumption
that one resolution element is the minimum 2 pixels/element.  Subtracting these elements
from the bandwidth at a resolution of 0.109nm represents a loss of (850×0.109nm)=92.6nm
of bandwidth.  The bandwidth achieved from the HR-4000 design on the ICCD sensor is
calculated to be 533.5-640.9nm. While the bandwidth is not quite achieved, it can easily be
argued that a custom grating or other modification would allow a trade between bandwidth
and resolution to meet the primary requirements.
This comparison is not a surprise.  Because both designs must obey the Nyquist limit, a fixed
number of pixels should provide similar characteristics in resolution and bandwidth. A
picture of the crossed Czerny-Turner design of the HR4000 is shown in Figure 5.19. One
issue that is not highlighted from the manufactures website is the changing resolution across
the bandwidth. The dispersion of the grating is a function of wavelength and therefore the
resolution is not constant across the detector.
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Figure 5.19 Internal crossed Czerny-Turner design of the HR-4000 [144]
The primary difference from the end user’s point of view between the two designs then
becomes the geometrical flexibility and the throughput of the SHERA design versus the
spectrograph design. The throughput of the HR-4000 design is also determined according to
Equation 5.4.  However in this case, the slit is the limiting aperture and the numerical
aperture of the fiber must be matched to the f/4 speed of the HR-4000.  The approximation of
f/#=1/(2×NA) yields a fiber of f/2.27.  Because the f/4 design of the spectrometer is slower
than the fiber, throughput is lost due to the slower optical speed of the spectrometer in
addition to the smaller aperture of the slit. In reality, the spectrometer should be customized
to the f/2.27 speed of the fiber although this would require some development.  Computing
the mirror diameter based on the f/2.27 and a focal length of 101.6mm gives 44.7mm which
is nearly equal to the package height of the spectrometer and would require a complete
redesign.  Operating at fast focal ratios also increases the impact of aberrations on resolution
so the development required to match the fiber focal ratio is significant.  The mirror diameter
at the specified focal ratio of f/4 gives a mirror diameter of 25.4mm.  The throughput is
calculated for the Czerny-Turner design as the slit area multiplied by the projected solid area
at f/4.    strmmmm
mm
mmmmT  22
2
000123.06.101
24.255.0005.0  .
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5.8 Design Comparison Summary
The summary starts with the components that are independent of the spectroscopic technique
and concludes with a head-to-head comparison of the SHERA design versus the Mars
Science Lab spectrometers.  The components that were selected independent of the
spectroscopic technique are the detector, the laser and the probe collecting optics.  The
power, mass and volume of these components are listed in Table 5-4.
Table 5-4 Power, Mass and Volume details of Laser, Detector and Probe Components
Detector Laser Head Laser Electronics Probe
Power 3 Watts 46 Watts total 0 Watts
Mass <1kg 550 grams 2.3 kg 260 grams
Volume 130.5mm×52.6mm
cylinder (284mL)
220mm×55mm
cylinder
(523mL)
215mm×90mm×160mm
(3 Liters)
225mm×31mm
cylinder
(170mL)
The key design decision that led to the complex and bulky laser and detector was the decision
to pulse the laser and gate the detector in order to avoid fluorescence.  Several research
groups have proven that this is a valid method of removing fluorescence.  The ‘pulsed and
gated’ technique allows Raman spectral collection from virtually any sample.  Therefore, the
cost of the pulsed and gated technique was necessary to enhance performance on any sample
in the unknown Martian environment.
The final comparison of the SHERA design and the Ocean Optics HR-4000 spectrometer is
presented in Table 5-5.
Table 5-5 SHERA design compared to the Ocean Optics HR4000
Spectrometer Design: SHERA design Ocean Optics HR-4000
Throughput 0.007695mm·str (62× more) 0.000123mm·str (0.015× less)
Volume 165mm×90mm×35mm or
520mL (25% smaller)
148.6mm×104.8mm×45.1mm or
702mL
Mass 109 grams (optics only) 570 grams
Stray light Better <0.05% at 600nm
Resolution Similar and linear Similar but nonlinear
Bandwidth Same Same
The throughput comparison has accounted for 45% transmission from the beam splitter and
54% fill factor from the detector which means the order of magnitude increase in throughput
is realized even after accounting for these losses.  The increased throughput is the most
significant gain in the comparison.  The increased throughput proportionally increases the
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SNR and sensitivity of the instrument.  However, the major disadvantage of multiplexed
noise throughout the spectrum could erode this throughput advantage.  With a real throughput
advantage of 12.7, the number of equal magnitude peaks that must be present to erode this
throughput advantage can be estimated from Equation 5.6 which was previously developed in
section 3.2.2
peaksofnumber
SNRSNR erferogramspectrum int (5.6)
From Equation 5.6, the number of peaks present that are required for the SNR of the SHERA
design to equal the SNR of the dispersive design is 12.72 = 161 peaks.  This would be an
extraordinarily large number of peaks for a Raman spectra and is not expected from any
sample.  Even a few broad peaks spread over several resolution elements would not be
enough to nullify the gain in throughput.  The conclusion is that the throughput gain of the
SHERA design is a very valuable and realizable advantage.
The second remarkable characteristic of the SHERA design is that the throughput advantage
is realized in addition to a gain of 25% smaller volume compared to the HR-4000.  The exit
optics of the SHERA flight-like design are far from optimized and the volume calculation
includes a 200mL volume of dead space.  If the folded design shown in Figure 5.12 is used,
the SHERA instrument volume is reduced to half the volume of the HR-4000.  This
represents a major gain in the design of an interplanetary exploration payload where every
milliliter of volume is important.
The mass of the instruments cannot accurately be compared because mechanical mounting of
the SHERA optics have not been designed.  Considering the mass of the HR-4000 includes a
detector, it is assumed that the mass of the two instruments is similar.
The stray light advantage goes to the SHERA instrument because light must be incident on
the gratings and in focus of the camera.  Stay light that meets any other condition possibly
adds some noise but will not get mistakenly identified as signal. This is an inherent benefit of
FTS that is retained by the SHS technique [145].
Both instruments met the resolution and bandwidth requirements.  The linearity of the
SHERA resolution can be seen as an advantage but the data processing routine would render
this largely irrelevant.
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The final comparison is made on the alignment tolerances of the instrument.  Specifically the
fiber mate is critical to maintaining the throughput of the dispersive HR-4000 design.  Any
misalignment would decrease the area of the fiber that is presented to the slit and reduce the
throughput.  In contrast the fiber mate of the SHERA design has a tolerance equal to the fiber
diameter of 500μm.  In fact this points to a potential improvement of the instrument.  If the
probe can tolerate a fiber of higher numerical aperture, a change to the collimating lens could
easily accommodate a faster fiber.
In addition to the relaxed fiber mate position, it has been shown that the normally stringent
requirements on surface flatness in an interferometer are greatly relaxed for the SHS
implementation [84, 146].
5.9 Chapter Conclusion
This chapter has described the design for a SHERA flight instrument.  The design
methodology was to use proven and available technology as much as possible.  The design
presented here did not exhaustively consider environmental issues.  Specifically, the ZEMAX
design was not limited to radiation hardened glasses.  The operational thermal environment
was not accounted for in this design.  The SHS technique is a robust design for the
environmental concerns of vibration and mechanical alignment but the system design of these
areas was not addressed.  Finally, the vacuum environment of the initial voyage and operation
in the reduced pressure environment were not considered.  There are no known major
obstacles with any of these environmental factors but specialists should be consulted as a next
step in the design process.
It is the conclusion of this chapter that the SHERA design is superior to the classical Czerny-
Turner design for capturing Raman spectra.  The SHERA design presents the significant
advantages of 62× higher throughput while simultaneously achieving a reduction in volume
of at least 25%.
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Chapter 6 Conclusions
6.1 Summary
This thesis has presented the novel design of a Raman spectrometer using the technique of
Spatial Heterodyne Spectroscopy for the exploration of the Martian surface.  The method of
Raman spectroscopy presents the challenge of detecting a very weak signal in the presence of
a very strong laser and a fluorescent background.  Overcoming these challenges proves
worthwhile due to the Raman advantages of:
 definitive mineral characterization
 no sample preparation required
 rapid analysis (minutes or seconds)
 sensitive to both minerals and organic compounds
 no consumables required (unlimited analysis)
These advantages accurately portray Raman spectroscopy as a chemical identification
technique that is ideal for in situ exploration and will yield extremely valuable information
when brought to the Martian surface.
The Spatial HEterodyne RAman instrument (SHERA) design has been validated using a
combination of MatLab and ZEMAX. The SHERA breadboard was then assembled and
demonstrated in the laboratory and high quality Raman spectra have been recorded. The
experience from the breadboard demonstration was leveraged to produce an improved design
which would be more representative of a flight like instrument.  This flight like design was
implemented using the proven ZEMAX and MatLab software combination and compared to
the current state-of-the-art spectrometer design.
6.2 Research Conclusions
In this thesis I have made several contributions to the state-of-the-art spectrometer design.
The performance achievements and their significance are recorded here as follows:
 The SHERA flight design comparison showed the advantage of 62x higher
throughput when compared to an optimized Czerny-Turner grating spectrograph.
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 The SHERA flight design achieved this performance in a package that is 25% more
compact than the leading Czerny-Turner design.
 The SHERA breadboard has proven that the spatial heterodyne spectroscopy
technique is a viable method of spectroscopy for capturing Raman spectra.  The SHS
advantages of robust tolerances for fiber alignment and relaxed surface flatness
requirements are realized.
 The SHS noise analysis revealed that the SHS technique is not a good technique for
capturing Raman spectra in the presence of continuous background solar noise.
These design advantages are proven for a Raman spectrometer applied to Mars exploration
but the advantages extend to any method of spectroscopy.  The main drawback of the SHS
technique is the “multiplex disadvantage” which describes the integration of noise across the
entire bandwidth of the instrument.  In Raman spectroscopy and any form of emission
spectroscopy, the multiplex disadvantage is minimal.  Therefore, these advantages of the SHS
technique allow significant performance enhancements for a Raman spectrometer designed to
explore the surface of other worlds.
6.3 Research Novelty
The SHERA design is a truly novel instrument and a completely independent and original
development.  The SHERA breadboard is 1 of 2 instruments in the world that uses spatial
heterodyne spectroscopy to capture Raman spectra.  The novelty of this thesis is reflected in
the following statements:
 The first systematic study of Spatial Heterodyne Raman Spectroscopy
 The first proposed design for a compact Spatial Heterodyne Raman instrument.
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6.4 Future Work
The next step in developing the spatial heterodyne Raman spectrometer for Mars exploration
is to build a prototype instrument that uses the pulsed laser and gated detector configuration
with a fiber optic probe for collection.  The design has been presented here and was validated
in ZEMAX.
In general, Raman spectroscopy for planetary exploration requires further development.  This
thesis primarily delved into the spectroscopic technique that would be used on a Raman
spectrometer for Mars.  The other components of the technique such as the laser, the detector,
and the filter technologies require a further analysis considered beyond the scope of this
thesis. The laser is the biggest use of volume and power in the instrument overall and
therefore offers the biggest potential payoff.
Raman spectroscopy using the deep ultraviolet is a very appealing concept.  The limiting
factor for developing an instrument that works in the deep ultraviolet is the filter technology.
A breakthrough in filtering of the UV laser line would prove immensely valuable.
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Appendix 1. Control Data from 30 samples
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Appendix 2. SHERA breadboard exit optics
prescription
Sequential exit optics data:
Non-Sequential simulation data:
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Nonsequential System Prescription Data:
File : C:\Documents and Settings\tn00025\My Documents\Z_Files\SHERA Breadboard\NSC SHS SHERA BB
winner.zmx
Title: Remote Raman Spatial Heterodyne Spectrometer
Date : 9/9/2011
LENS NOTES:
where do notes go?
GENERAL LENS DATA:
Glass Catalogs : SCHOTT CORNING
Temperature (C) : 2.00000E+001
Pressure (ATM) : 1.00000E+000
Adjust Index Data To Environment : Off
Primary Wavelength : 0.54 μm
Lens Units : Millimeters
Wavelengths : 7
Units: μm
# Value Weight
1 0.540000 1.000000
2 0.560000 1.000000
3 0.580000 1.000000
4 0.600000 1.000000
5 0.620000 1.000000
6 0.640000 1.000000
7 0.660000 1.000000
OBJECT DATA DETAIL:
There are 12 objects:
Object 1 : 1mm source
Object Type : Source Ellipse (NSC_SRCE)
Reference Object : 0
Inside Of : 0
XYZ Position : 0 0 -76.2
Tilt About XYZ : 0 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 1.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 0.00000000E+000 1.00000000E+000 -7.62000000E+001
Source uses system wavelengths
# Layout Rays : 7
# Analysis Rays : 5000000
Power(Watts) : 1
Wavenumber : 0
Color # : 0
X Half Width : 0.5
Y Half Width : 0.5
Source Distance : 0
Cosine Exponent : 100
Gauss Gx : 0
Gauss Gy : 0
Source X : 0
Source Y : 0
Minimum X Half Width : 0
Minimum Y Half Width : 0
Object 2 : 20mm
Object Type : Annulus (NSC_ANNU)
Face 0 : All Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 0 -0.5
Tilt About XYZ : 0 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 1.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 0.00000000E+000 1.00000000E+000 -5.00000000E-001
Material : ABSORB
Maximum X Half Width : 25
Maximum Y Half Width : 25
Minimum X Half Width : 10
Minimum Y Half Width : 10
Object 3 : Collimator
Object Type : Standard Lens (NSC_SLEN)
Face 0 : Side Faces
Face Is : Object Default
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Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : ZEC_HEA517
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : ZEC_HEA517
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 0 0
Tilt About XYZ : 0 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 1.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 0.00000000E+000 1.00000000E+000 0.00000000E+000
Material : N-BK7
Index at 0.540000 μm = 1.51903899
Index at 0.560000 μm = 1.51803195
Index at 0.580000 μm = 1.51712182
Index at 0.600000 μm = 1.51629483
Index at 0.620000 μm = 1.51553950
Index at 0.640000 μm = 1.51484624
Index at 0.660000 μm = 1.51420697
Radius 1 : 39.38
Conic 1 : 0
Clear 1 : 12.7
Edge 1 : 12.7
Thickness : 4
Radius 2 : 0
Conic 2 : 0
Clear 2 : 12.7
Edge 2 : 12.7
Object 4 : PRISM45.POB
Object Type : Polygon Object (NSC_POBJ)
Face 0 : Face 0
Face Is : Object Default
Coating : I.99999999
Scattering : None
Face 1 : Splitter surface
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 0 5
Tilt About XYZ : 0 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 1.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 0.00000000E+000 1.00000000E+000 5.00000000E+000
Material : C79-80
Index at 0.540000 μm = 1.46034760
Index at 0.560000 μm = 1.45950316
Index at 0.580000 μm = 1.45873799
Index at 0.600000 μm = 1.45804085
Index at 0.620000 μm = 1.45740240
Index at 0.640000 μm = 1.45681477
Index at 0.660000 μm = 1.45627134
Scale : 12.5
Is Volume? : 1
Object 5 : PRISM45.POB
Object Type : Polygon Object (NSC_POBJ)
Face 0 : Face 0
Face Is : Object Default
Coating : I.99999999
Scattering : None
Face 1 : Splitter surface
Face Is : Object Default
Coating : I.50
Scattering : None
Reference Object : 3
Inside Of : 0
XYZ Position : 0 0 30
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Tilt About XYZ : 180 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 -1.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 0.00000000E+000 -1.00000000E+000 3.00000000E+001
Material : C79-80
Index at 0.540000 μm = 1.46034760
Index at 0.560000 μm = 1.45950316
Index at 0.580000 μm = 1.45873799
Index at 0.600000 μm = 1.45804085
Index at 0.620000 μm = 1.45740240
Index at 0.640000 μm = 1.45681477
Index at 0.660000 μm = 1.45627134
Scale : 12.5
Is Volume? : 1
Object 6 : Grating 1
Object Type : Diffraction Grating (NSC_DGRL)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 0 31
Tilt About XYZ : 2.238 0 180
Pos. Mtrx. R11 R12 R13 X : -1.00000000E+000 -0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 -9.99237237E-001 -3.90505369E-002 0.00000000E+000
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 -3.90505369E-002 9.99237237E-001 3.10000000E+001
Material : MIRROR
Radius 1 : 0
Conic 1 : 0
Clear 1 : 12.5
Edge 1 : 12.5
Thickness : 1
Radius 2 : 0
Conic 2 : 0
Clear 2 : 12.5
Edge 2 : 12.5
Lines/μm : 0.15
Diff Order : 1
Formula : 0
Object 7 : Grating 2
Object Type : Diffraction Grating (NSC_DGRL)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 13.5 17.5
Tilt About XYZ : 92.238 180 0
Pos. Mtrx. R11 R12 R13 X : -1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 -3.90505369E-002 9.99237237E-001 1.35000000E+001
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 9.99237237E-001 3.90505369E-002 1.75000000E+001
Material : MIRROR
Radius 1 : 0
Conic 1 : 0
Clear 1 : 12.5
Edge 1 : 12.5
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Thickness : 1
Radius 2 : 0
Conic 2 : 0
Clear 2 : 12.5
Edge 2 : 12.5
Lines/μm : 0.15
Diff Order : 1
Formula : 0
Object 8 : Element 1
Object Type : Standard Lens (NSC_SLEN)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 -12.768 17.5
Tilt About XYZ : 90 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 0.00000000E+000 -1.00000000E+000 -1.27680000E+001
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 1.00000000E+000 0.00000000E+000 1.75000000E+001
Material : N-SF66
Index at 0.540000 μm = 1.93499096
Index at 0.560000 μm = 1.92943553
Index at 0.580000 μm = 1.92455419
Index at 0.600000 μm = 1.92023409
Index at 0.620000 μm = 1.91638587
Index at 0.640000 μm = 1.91293785
Index at 0.660000 μm = 1.90983184
Radius 1 : 20.589074
Conic 1 : 0
Clear 1 : 6.5
Edge 1 : 6.5
Thickness : 3.583843
Radius 2 : 8.6611544
Conic 2 : 0
Clear 2 : 6.5
Edge 2 : 6.5
Object 9 : Element 2
Object Type : Standard Lens (NSC_SLEN)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 -16.352 17.5
Tilt About XYZ : 90 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 0.00000000E+000 -1.00000000E+000 -1.63520000E+001
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 1.00000000E+000 0.00000000E+000 1.75000000E+001
Material : N-LASF45
Index at 0.540000 μm = 1.80740637
Index at 0.560000 μm = 1.80452740
Index at 0.580000 μm = 1.80196613
Index at 0.600000 μm = 1.79967417
Index at 0.620000 μm = 1.79761216
Index at 0.640000 μm = 1.79574782
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Index at 0.660000 μm = 1.79405438
Radius 1 : 8.6611544
Conic 1 : 0
Clear 1 : 6.5
Edge 1 : 6.5
Thickness : 4.5987546
Radius 2 : -36.673741
Conic 2 : 0
Clear 2 : 6.5
Edge 2 : 6.5
Object 10 : Element 3
Object Type : Standard Lens (NSC_SLEN)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 -51.411 17.5
Tilt About XYZ : 90 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 0.00000000E+000 -1.00000000E+000 -5.14110000E+001
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 1.00000000E+000 0.00000000E+000 1.75000000E+001
Material : N-LASF45
Index at 0.540000 μm = 1.80740637
Index at 0.560000 μm = 1.80452740
Index at 0.580000 μm = 1.80196613
Index at 0.600000 μm = 1.79967417
Index at 0.620000 μm = 1.79761216
Index at 0.640000 μm = 1.79574782
Index at 0.660000 μm = 1.79405438
Radius 1 : 36.673741
Conic 1 : 0
Clear 1 : 6.5
Edge 1 : 6.5
Thickness : 4.5987546
Radius 2 : -8.6611544
Conic 2 : 0
Clear 2 : 6.5
Edge 2 : 6.5
Object 11 : Element 4
Object Type : Standard Lens (NSC_SLEN)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 -56.01 17.5
Tilt About XYZ : 90 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 0.00000000E+000 -1.00000000E+000 -5.60100000E+001
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 1.00000000E+000 0.00000000E+000 1.75000000E+001
Material : N-SF66
Index at 0.540000 μm = 1.93499096
Index at 0.560000 μm = 1.92943553
Index at 0.580000 μm = 1.92455419
Index at 0.600000 μm = 1.92023409
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Index at 0.620000 μm = 1.91638587
Index at 0.640000 μm = 1.91293785
Index at 0.660000 μm = 1.90983184
Radius 1 : -8.6611544
Conic 1 : 0
Clear 1 : 6.5
Edge 1 : 6.5
Thickness : 3.583843
Radius 2 : -20.589074
Conic 2 : 0
Clear 2 : 6.5
Edge 2 : 6.5
Object 12 : Detector
Object Type : Detector Rectangle (NSC_DETE)
Face 0 : All Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 -77.501 17.5
Tilt About XYZ : 90 0 90
Pos. Mtrx. R11 R12 R13 X : 0.00000000E+000 -1.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 0.00000000E+000 -1.00000000E+000 -7.75010000E+001
Pos. Mtrx. R31 R32 R33 Z : 1.00000000E+000 0.00000000E+000 0.00000000E+000 1.75000000E+001
Material : ABSORB
X Half Width : 4.386
Y Half Width : 3.3024
# X Pixels : 1360
# Y Pixels : 1024
Data Type : 1
Color : 2
Smoothing : 0
Scale : 0
Plot Scale : 0
Front Only : 0
PSF Wave # : 0
X Angle Min : -90
X Angle Max : 90
Y Angle Min : -90
Y Angle Max : 90
Polarization : 0
Mirroring : 0
COATING DEFINITIONS:
SOLVE AND VARIABLE DATA:
FILES USED:
ZEMAX File
C:\Documents and Settings\tn00025\My Documents\Z_Files\SHERA Breadboard\NSC SHS SHERA BB winner.zmx
Session File
C:\Documents and Settings\tn00025\My Documents\Z_Files\SHERA Breadboard\NSC SHS SHERA BB winner.SES
Glass Catalogs
C:\Documents and Settings\tn00025\My Documents\ZEMAX\GLASSCAT\SCHOTT.AGF
C:\Documents and Settings\tn00025\My Documents\ZEMAX\GLASSCAT\CORNING.AGF
Coating Data
C:\Documents and Settings\tn00025\My Documents\ZEMAX\COATINGS\COATING.DAT
C:\Documents and Settings\tn00025\My Documents\ZEMAX\COATINGS\ZEC_HEA517.ZEC
NSC Scatter Profiles
C:\Documents and Settings\tn00025\My Documents\ZEMAX\PROFILES\SCATTER_PROFILE.DAT
ABg Data
C:\Documents and Settings\tn00025\My Documents\ZEMAX\ABG_DATA\ABG_DATA.DAT
NSC Polygon Object Files
C:\Documents and Settings\tn00025\My Documents\ZEMAX\OBJECTS\Polygon Objects\PRISM45.POB
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Appendix 3. Flight exit optics prescription
Sequential exit optics data:
Non-Sequential simulation data:
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Nonsequential System Prescription Data:
File : C:\Documents and Settings\tn00025\My Documents\Z_Files\Flight NSC 6elem 75x.zmx
Title: Remote Raman Spatial Heterodyne Spectrometer
Date : 6/30/2011
LENS NOTES:
where do notes go?
GENERAL LENS DATA:
Glass Catalogs : SCHOTT CORNING OHARA
Temperature (C) : 2.00000E+001
Pressure (ATM) : 1.00000E+000
Adjust Index Data To Environment : Off
Primary Wavelength : 0.54 μm
Lens Units : Millimeters
Wavelengths : 3
Units: μm
# Value Weight
1 0.540000 1.000000
2 0.590000 1.000000
3 0.640000 1.000000
OBJECT DATA DETAIL:
There are 15 objects:
Object 1 : 500μm source
Object Type : Source Ellipse (NSC_SRCE)
Reference Object : 0
Inside Of : 0
XYZ Position : 0 0 -44.3
Tilt About XYZ : 0 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 1.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 0.00000000E+000 1.00000000E+000 -4.43000000E+001
Source uses system wavelengths
# Layout Rays : 5
# Analysis Rays : 10000000
Power(Watts) : 1
Wavenumber : 0
Color # : 0
X Half Width : 0.25
Y Half Width : 0.25
Source Distance : 0
Cosine Exponent : 50
Gauss Gx : 0
Gauss Gy : 0
Source X : 0
Source Y : 0
Min X Half Width : 0
Min Y Half Width : 0
Object 2 : 20mm
Object Type : Annulus (NSC_ANNU)
Face 0 : All Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 0 -0.5
Tilt About XYZ : 0 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 1.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 0.00000000E+000 1.00000000E+000 -5.00000000E-001
Material : ABSORB
Max X Half Width : 25
Max Y Half Width : 25
Min X Half Width : 10
Min Y Half Width : 10
Object 3 : surfaces 1-2
Object Type : Standard Lens (NSC_SLEN)
Face 0 : Side Faces
Face Is : Object Default
Coating : AR
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : AR
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Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : AR
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 0 0
Tilt About XYZ : 0 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 1.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 0.00000000E+000 1.00000000E+000 0.00000000E+000
Material : S-LAH79
Index at 0.540000 μm = 2.01310218
Index at 0.590000 μm = 2.00286713
Index at 0.640000 μm = 1.99513199
Radius 1 : 205.47401
Conic 1 : 0
Clear 1 : 11
Edge 1 : 11
Thickness : 2.9999902
Radius 2 : 36.78721
Conic 2 : 0
Clear 2 : 11
Edge 2 : 11
Object 4 : surfaces 2-3
Object Type : Standard Lens (NSC_SLEN)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : AR
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : AR
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 0 2.9999902
Tilt About XYZ : 0 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 1.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 0.00000000E+000 1.00000000E+000 2.99999023E+000
Material : S-YGH51
Index at 0.540000 μm = 1.75900726
Index at 0.590000 μm = 1.75481807
Index at 0.640000 μm = 1.75154247
Radius 1 : 36.78721
Conic 1 : 0
Clear 1 : 11
Edge 1 : 11
Thickness : 4.2121246
Radius 2 : -33.334689
Conic 2 : 0
Clear 2 : 11
Edge 2 : 11
Object 5 : PRISM45.POB
Object Type : Polygon Object (NSC_POBJ)
Face 0 : Face 0
Face Is : Object Default
Coating : I.99999999
Scattering : None
Face 1 : Splitter surface
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 0 8
Tilt About XYZ : 0 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
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Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 1.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 0.00000000E+000 1.00000000E+000 8.00000000E+000
Material : C79-80
Index at 0.540000 μm = 1.46034760
Index at 0.590000 μm = 1.45838154
Index at 0.640000 μm = 1.45681477
Scale : 12.5
Is Volume? : 1
Object 6 : PRISM45.POB
Object Type : Polygon Object (NSC_POBJ)
Face 0 : Face 0
Face Is : Object Default
Coating : I.99999999
Scattering : None
Face 1 : Splitter surface
Face Is : Object Default
Coating : I.50
Scattering : None
Reference Object : 4
Inside Of : 0
XYZ Position : 0 0 30
Tilt About XYZ : 180 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 -0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 -1.00000000E+000 7.65717784E-016 0.00000000E+000
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 -7.65717784E-016 -1.00000000E+000 3.29999902E+001
Material : C79-80
Index at 0.540000 μm = 1.46034760
Index at 0.590000 μm = 1.45838154
Index at 0.640000 μm = 1.45681477
Scale : 12.5
Is Volume? : 1
Object 7 : Grating 1
Object Type : Diffraction Grating (NSC_DGRL)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 0 34
Tilt About XYZ : 2.29316 0 180
Pos. Mtrx. R11 R12 R13 X : -1.00000000E+000 7.65717784E-016 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : -7.65104581E-016 -9.99199179E-001 -4.00125079E-002 0.00000000E+000
Pos. Mtrx. R31 R32 R33 Z : -3.06382889E-017 -4.00125079E-002 9.99199179E-001 3.40000000E+001
Material : MIRROR
Radius 1 : 0
Conic 1 : 0
Clear 1 : 12.5
Edge 1 : 12.5
Thickness : 1
Radius 2 : 0
Conic 2 : 0
Clear 2 : 12.5
Edge 2 : 12.5
Lines/μm : 0.15
Diff Order : 1
Formula : 0
Object 8 : Grating 2
Object Type : Diffraction Grating (NSC_DGRL)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
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Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 13.5 20.5
Tilt About XYZ : 92.29316 180 0
Pos. Mtrx. R11 R12 R13 X : -1.00000000E+000 0.00000000E+000 -7.65717784E-016 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : -7.65104581E-016 -4.00125079E-002 9.99199179E-001 1.35000000E+001
Pos. Mtrx. R31 R32 R33 Z : -3.06382889E-017 9.99199179E-001 4.00125079E-002 2.05000000E+001
Material : MIRROR
Radius 1 : 0
Conic 1 : 0
Clear 1 : 12.5
Edge 1 : 12.5
Thickness : 1
Radius 2 : 0
Conic 2 : 0
Clear 2 : 12.5
Edge 2 : 12.5
Lines/μm : 0.15
Diff Order : 1
Formula : 0
Object 9 : surfaces 6-7
Object Type : Standard Lens (NSC_SLEN)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 -16.822 20.5
Tilt About XYZ : 90 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 -3.82858892E-016 -1.00000000E+000 -1.68220000E+001
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 1.00000000E+000 -3.82858892E-016 2.05000000E+001
Material : D88-47
Index at 0.540000 μm = 1.79261459
Index at 0.590000 μm = 1.78779453
Index at 0.640000 μm = 1.78404380
Radius 1 : -87.650409
Conic 1 : 0
Clear 1 : 12.5
Edge 1 : 12.5
Thickness : 2.5550305
Radius 2 : -36.325893
Conic 2 : 0
Clear 2 : 12.5
Edge 2 : 12.5
Object 10 : surfaces 8-9
Object Type : Standard Lens (NSC_SLEN)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
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Inside Of : 0
XYZ Position : 0 -63.217 20.5
Tilt About XYZ : 90 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 -3.82858892E-016 -1.00000000E+000 -6.32170000E+001
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 1.00000000E+000 -3.82858892E-016 2.05000000E+001
Material : N-LAK33A
Index at 0.540000 μm = 1.75793740
Index at 0.590000 μm = 1.75374981
Index at 0.640000 μm = 1.75047472
Radius 1 : 18.611897
Conic 1 : 0
Clear 1 : 12.5
Edge 1 : 12.5
Thickness : 7.0000493
Radius 2 : -180.61329
Conic 2 : 0
Clear 2 : 12.5
Edge 2 : 12.5
Object 11 : surfaces 9-10
Object Type : Standard Lens (NSC_SLEN)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 -70.217 20.5
Tilt About XYZ : 90 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 -3.82858892E-016 -1.00000000E+000 -7.02170000E+001
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 1.00000000E+000 -3.82858892E-016 2.05000000E+001
Material : D34-26
Index at 0.540000 μm = 1.74165417
Index at 0.590000 μm = 1.73368424
Index at 0.640000 μm = 1.72769685
Radius 1 : -180.61329
Conic 1 : 0
Clear 1 : 12.5
Edge 1 : 12.5
Thickness : 5.7981582
Radius 2 : 22.222289
Conic 2 : 0
Clear 2 : 12.5
Edge 2 : 12.5
Object 12 : surfaces 12-13
Object Type : Standard Lens (NSC_SLEN)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 -85.713 20.5
Tilt About XYZ : 90 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 -3.82858892E-016 -1.00000000E+000 -8.57130000E+001
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 1.00000000E+000 -3.82858892E-016 2.05000000E+001
Appendix 3
168
Material : D34-26
Index at 0.540000 μm = 1.74165417
Index at 0.590000 μm = 1.73368424
Index at 0.640000 μm = 1.72769685
Radius 1 : -22.222289
Conic 1 : 0
Clear 1 : 12.5
Edge 1 : 12.5
Thickness : 5.7981582
Radius 2 : 180.61329
Conic 2 : 0
Clear 2 : 12.5
Edge 2 : 12.5
Object 13 : surfaces 13-14
Object Type : Standard Lens (NSC_SLEN)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 -91.511 20.5
Tilt About XYZ : 90 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 -3.82858892E-016 -1.00000000E+000 -9.15110000E+001
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 1.00000000E+000 -3.82858892E-016 2.05000000E+001
Material : N-LAK33A
Index at 0.540000 μm = 1.75793740
Index at 0.590000 μm = 1.75374981
Index at 0.640000 μm = 1.75047472
Radius 1 : 180.61329
Conic 1 : 0
Clear 1 : 12.5
Edge 1 : 12.5
Thickness : 7.0000493
Radius 2 : -16.816624
Conic 2 : 0
Clear 2 : 12.5
Edge 2 : 12.5
Object 14 : surfaces 15-16
Object Type : Standard Lens (NSC_SLEN)
Face 0 : Side Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Face 1 : Front Face
Face Is : Object Default
Coating : (none)
Scattering : None
Face 2 : Back Face
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 -107.874 20.5
Tilt About XYZ : 90 0 0
Pos. Mtrx. R11 R12 R13 X : 1.00000000E+000 0.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : 0.00000000E+000 -3.82858892E-016 -1.00000000E+000 -1.07874000E+002
Pos. Mtrx. R31 R32 R33 Z : 0.00000000E+000 1.00000000E+000 -3.82858892E-016 2.05000000E+001
Material : D28-28
Index at 0.540000 μm = 1.73538476
Index at 0.590000 μm = 1.72799159
Index at 0.640000 μm = 1.72241545
Radius 1 : 17.10391
Conic 1 : 0
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Clear 1 : 12.5
Edge 1 : 12.5
Thickness : 6.9999996
Radius 2 : 15.110748
Conic 2 : 0
Clear 2 : 12.5
Edge 2 : 12.5
Object 15 : -87.501
Object Type : Detector Rectangle (NSC_DETE)
Face 0 : All Faces
Face Is : Object Default
Coating : (none)
Scattering : None
Reference Object : 0
Inside Of : 0
XYZ Position : 0 -137.494 20.5
Tilt About XYZ : 90 0 90
Pos. Mtrx. R11 R12 R13 X : -3.82858892E-016 -1.00000000E+000 0.00000000E+000 0.00000000E+000
Pos. Mtrx. R21 R22 R23 Y : -3.82858892E-016 1.46580931E-031 -1.00000000E+000 -1.37494000E+002
Pos. Mtrx. R31 R32 R33 Z : 1.00000000E+000 -3.82858892E-016 -3.82858892E-016 2.05000000E+001
Material : ABSORB
X Half Width : 6.24
Y Half Width : 3.51
# X Pixels : 1920
# Y Pixels : 1080
Data Type : 1
Color : 2
Smoothing : 0
Scale : 0
Plot Scale : 0
Front Only : 0
PSF Wave# : 0
X Angle Min : -90
X Angle Max : 90
Y Angle Min : -90
Y Angle Max : 90
Polarization : 0
Mirroring : 0
COATING DEFINITIONS:
SOLVE AND VARIABLE DATA:
FILES USED:
ZEMAX File
C:\Documents and Settings\tn00025\My Documents\Z_Files\Flight NSC 6elem 75x.zmx
Session File
C:\Documents and Settings\tn00025\My Documents\Z_Files\Flight NSC 6elem 75x.SES
Lens Configuration File
C:\Documents and Settings\tn00025\My Documents\Z_Files\Flight NSC 6elem 75x.CFG
Glass Catalogs
C:\Documents and Settings\tn00025\My Documents\ZEMAX\GLASSCAT\SCHOTT.AGF
C:\Documents and Settings\tn00025\My Documents\ZEMAX\GLASSCAT\CORNING.AGF
C:\Documents and Settings\tn00025\My Documents\ZEMAX\GLASSCAT\OHARA.AGF
Coating Data
C:\Documents and Settings\tn00025\My Documents\ZEMAX\COATINGS\COATING.DAT
NSC Scatter Profiles
C:\Documents and Settings\tn00025\My Documents\ZEMAX\PROFILES\SCATTER_PROFILE.DAT
ABg Data
C:\Documents and Settings\tn00025\My Documents\ZEMAX\ABG_DATA\ABG_DATA.DAT
NSC Polygon Object Files
C:\Documents and Settings\tn00025\My Documents\ZEMAX\OBJECTS\Polygon Objects\PRISM45.POB
